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Abstract 
Cardiac magnetic resonance (CMR) imaging is the gold standard imaging technique for 
assessment of ventricular dimensions and function. CMR also allows assessment of 
ventricular deformation but this requires additional imaging sequences and time consuming 
post processing which has limited its widespread use. 
A novel CMR analysis software package, ‘feature tracking’ (Tom Tec, Germany) can measure 
ventricular deformation directly from cine CMR images. This thesis seeks to further our 
understanding of the feasibility of feature tracking to assess myocardial deformation and 
volumetric measures. Chapter 3 validates normal ranges for deformation parameters and 
compares values against traditional tagging measures. The work identifies global 
circumferential strain measures as being the most reproducible.  
In chapters 4 and 5, feature tracking values for left and right ventricular strain are compared 
with echocardiography derived speckle tracking indices of deformation. For left ventricular 
(LV) parameters, circumferential and longitudinal strain are most consistent and for the 
right ventricular (RV) measures, assessment of free wall strain using feature tracking shows 
promise and with modifications in algorithms is likely to further improve in the future.  
Chapter 6 assesses the ability of feature tracking to measure diastolic function. The results 
show that radial diastolic velocities and longitudinal diastolic strain rates can predict 
diastolic dysfunction (as diagnosed by echocardiography) with acceptable levels of 
sensitivity and specificity, particularly when used in combination. 
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The use of feature tracking to provide automated measures of ventricular volumes, mass 
and ejection fraction is assessed in chapter 7. Feature tracking in this context shows 
acceptable correlation but poor absolute agreement with manual contouring and further 
adjustments to algorithms is necessary to improve its accuracy.  
This work offers insights into the use of feature tracking for the assessment of ventricular 
deformation parameters. It is a technique with advantages over CMR tagging methods and 
given the speed of post processing has the potential to become the CMR preferred 
assessment for strain quantification in the future. 
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Chapter 1: Introduction 
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1.1 The non invasive assessment of cardiac function 
The non invasive assessment of ventricular function is critical in clinical practice and is an 
important marker of prognosis and response to treatment. The accurate, serially 
reproducible, non-invasive methods for assessing cardiac function are essential for the 
management of patients [1]. Historically this has been achieved initially with the use of 
equilibrium radionuclide angiography and echocardiography. More recently the emergence 
and utilisation of cardiac magnetic resonance has added a further dimension to the 
assessment of ventricular function. 
Initially radionuclide angiography was widely used for the assessment of cardiac function 
due to its non invasive properties and the advantage of not relying on assumptions of LV 
geometry. However it’s limitations including the use of radiopharmaceutical agents as well 
as its lower resolution for assessing regional ventricular function together with the 
emergence of echocardiography and cardiac magnetic resonance imaging has restricted its 
ongoing use. 
Echocardiography has the advantage of complete safety and portability and both 
echocardiography and CMR imaging provide immediate provision of clinically interpretable 
images and have improved ability when compared with radionuclide imaging to assess 
valvular function, hemodynamics, cardiac mass, regional wall motion abnormality and 
diastolic function.  
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1.2 Left ventricular systolic function assessment 
 
1.2.1 Echocardiography 
1.2.1.1 Two dimensional LV systolic function 
The LV ejection fraction is one of the most commonly used echocardiographic methods to 
quantify LV systolic function. This represents the fraction of blood within the LV which is 
ejected in one cardiac cycle. As it is difficult to quantify a 3- dimensional (3D) structure using 
2 dimensional (2D) imaging, the techniques developed with 2D echocardiography rely on 
measuring the ventricle in standard planes. 2D echocardiographic assessment of ejection 
fraction can be assessed using linear (Teicholz method or fractional shortening) or 
volumetric methods. It is widely accepted that there are limitations to both methods. Linear 
methods especially are based on assumptions that become invalid in patients with 
abnormally shaped ventricles [2]. The 2D volumetric Simpson’s method for the assessment 
of LV ejection fraction is based on the principle of slicing the LV from apex down to the 
mitral valve into a series of discs. The volume of each disc is then calculated (using the 
diameter and thickness of each slice). It is assumed that the LV is circular at each level. 
Accuracy is improved by using diameters in two perpendicular planes (apical four and two 
chamber) so that the disc surface area is more precisely defined. These volumes can be 
estimated at end systole and end diastole and the machine or off line analysis software 
packages can process these values to give an estimation of ejection fraction.  
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Figure 1.1: Biplane Simpson’s method for the estimation of ejection fraction. 
Regional wall motion abnormalities most commonly occur due to coronary artery disease. 
Echocardiographic assessment of these is usually by eye and are dependent on operator 
experience although can be semi quantified with wall motion scores. Figure from 
Echocardiography (Leeson P, Augustine D, Mitchell A & Becher H. Oxford University Press, 
2012)[3]. 
1.2.1.2 Three dimensional LV systolic function 
The 2D echocardiographic assessment of ejection fraction has inherent limitations as it 
makes geometric assumptions of the LV. This consideration is especially important for 
repeat imaging, for which exact plane duplication is almost impossible. 3D 
echocardiography is an advance on the Simpson’s method as it allows contouring of the 
cavity within the 3D space of the echocardiographic volume acquisition. Therefore, there is 
no need to assume that the short axis view of the ventricle follows the shape of a circle (or 
oval) and sum together a ‘stack of discs’. Instead you can contour the actual shape of the 
ventricle in all dimensions. Commercially available scanners contain software tools which 
allow the assessment of LV volumes and ejection fraction.  
APICAL FOUR CHAMBER
APICAL TWO CHAMBER
Left ventricle cavity trace
Left ventricle length
Left ventricle cavity trace
Left ventricle length
RV
RA
LA
LA
LV
LV
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Full volume datasets allow the generation of a 3D data set with the final image of the heart 
created by acquiring several sub volumes (usually 1-7 depending on vendor) over the 
corresponding number of sequential cardiac cycles. The greater the number of sub volumes 
used, the higher the frame rate and temporal resolution. The spatial resolution of images 
for current 3D transducers is around 0.5-1mm in the axial (y) dimension, 1.5-2.0mm in the 
lateral (x) dimension and 2.5-3.0mm in the elevation (z) dimension. 
Since the potential of 3D echocardiography imaging to overcome many of the limitations of 
2D echocardiography, ultrasound imaging has gone through multiple phases of 
development and most recently real time 3D echocardiography allowing single beat 
acquisition of datasets without the need for off line reconstruction is available. 
With newer technology allowing increased volume rates and reduced time for complete 
cardiac volumes acquisition the estimation of 3D LV ejection fraction is comparable to that 
of cardiac magnetic resonance [4-5]. 
 
 
 
 
 
Figure 1.2: Diagrammatic representation of 3D subvolume acquisition. The first subvolume 
(red) is taken during the first cardiac cycle (red), the second subvolume (orange) is taken 
during the second cardiac cycle (orange) and so on. All subvolumes are merged together to 
create the final dataset. Figure from Echocardiography (Leeson P, Augustine D, Mitchell A & 
Becher H. Oxford University Press, 2012)[3]. 
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Figure 1.3:  2 beat and 7 beat 3D full volume acquisition. 2 beat 3D LV full volume 
acquisition (left) is composed of 2 subvolumes acquired over 2 consecutive cardiac cycles 
has a lower frame rate and temporal resolution than a 7 beat 3D LV full volume acquisition. 
Figure from Echocardiography (Leeson P, Augustine D, Mitchell A & Becher H. Oxford 
University Press, 2012)[3]. 
 
 
1.2.1.3 Tissue Doppler assessment of systolic function 
Tissue Doppler echocardiography has become an established component of the diagnostic 
ultrasound examination permitting the assessment of myocardial motion using Doppler 
ultrasound imaging [6]. Whilst the ejection fraction reflects the sum contribution of several 
regions it does not provide information on regional function and is unable to provide 
information on the underlying myocardial mechanical activity. Whereas conventional 
Doppler techniques assess the velocity of blood flow by measuring high- frequency, low 
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amplitude signals from small fast-moving blood cell, tissue Doppler imaging, TDI, uses the 
same Doppler principles to quantify the higher amplitude, lower velocity signals of 
myocardial tissue motion. With this information, TDI depicts myocardial motion at a specific 
location in the heart. The high velocity signals from the blood are filtered out and 
amplification scales suitably adjusted so that Doppler signals from tissue motion can be 
recorded. The tissue velocity indicates the rate at which a particular point in the 
myocardium moves towards or away from the transducer.  
The accuracy of TDI is angle dependent and only measures the vector of motion that is 
parallel to the direction of the ultrasound beam. The use of TDI has been validated and 
examined in a variety of settings [7-8].  
 
 
 
 
 
 
 
 
 
 
Figure 1.4:  Example of pulsed wave tissue Doppler imaging placed at the basal LV septum. 
Figure from Echocardiography (Leeson P, Augustine D, Mitchell A & Becher H. Oxford 
University Press, 2012) [3] 
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1.2.2 Cardiac magnetic resonance 
 
Cardiovascular magnetic resonance imaging (CMR) is an increasingly available diagnostic 
method offering good spatial resolution (0.5mm) and acceptable temporal resolution.  Each 
image slice obtained consists of several sequential cardiac phases throughout systole and 
diastole. From these, the LV ejection fraction can be accurately measured by applying 
Simpson’s rule as for echocardiography. In this way, CMR imaging provides anatomic image 
quality avoiding the need for any geometric assumptions – an advantage over the LV systolic 
function assessment using 2D echocardiography with Simpson’s method.  
1.3 Right ventricular systolic function assessment 
1.3.1 Echocardiography 
1.3.1.1 Two dimensional RV systolic function 
 
RV dysfunction is associated with excess morbidity and mortality and the non invasive 
assessment of RV function is vital in assessing prognosis and as a marker of response to 
therapy. Echocardiographically, the LV has been studied in much greater detail than the RV. 
This has partly been due to the complex geometry of the RV which has limited its 
assessment.  
Whilst 2D systolic function can be evaluated qualitatively by studying the movement of the 
RV free wall and assigning a label of normal or impaired to RV systolic function, more robust 
objective methods of quantification are of common practice. A number of measures of RV 
systolic function have evolved whose purpose is to try to avoid the difficulties of using 
volumetric techniques established in the LV for the geometrically complex RV.  2D markers 
25 
 
of RV systolic function include the tricuspid annular plane systolic excursion (TAPSE), the 
peak systolic RV basal free wall TDI and ejection fraction / fractional area of change. 
TAPSE is a measurement of how much the lateral side of the tricuspid annulus moves 
towards the apex during systole, thus reflecting RV longitudinal function.  Similar to TAPSE, 
the peak systolic RV basal free wall TDI assesses the movement of the RV free wall but uses 
TDI. It is widely accepted that RV ejection fraction can be difficult to assess accurately on 2D 
images because of the complex RV geometry although one surrogate used to try to do this is 
the RV fractional area of change. Here, the end diastolic and end systolic areas are 
contoured with the difference between the two measures being reported as a percentage. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.5: Right ventricle fractional area change (above) or tricuspid annular plane systolic 
excursion (below). RA, right atrium; LA, left atrium, %, percentage. Figure from 
Echocardiography (Leeson P, Augustine D, Mitchell A & Becher H. Oxford University Press, 
2012)[3]. 
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1.3.1.2 Three dimensional RV systolic function 
Three dimensional RV volume and ejection fraction assessment is now possible. As with 3D 
LV assessment this has the advantage of contouring the actual shape of the ventricle in all 
dimensions although it has been noted that a number of factors including the irregular RV 
boundaries and increased trabeculations could lead to inaccuracies in the assessment of RV 
volumes and ejection fraction. 3D acquired cardiac data has been subject to testing against 
CMR, the current gold standard and computed tomography (CT). These studies have shown 
that RV 3D volumes, ejection fraction and stroke volume all compare favourable in both 
adults and children [9-11] and in patients with pulmonary hypertension [12]. 3D 
echocardiographic studies using software designed specifically for volumetric analysis of the 
RV has reported high levels of agreement with CMR or small underestimation in RV volumes 
[10, 13]. 
 
 
 
 
 
 
Figure 1.6: 3D RV contouring. RV contouring left (sagittal plane) and 3D echocardiographic 
RV reconstruction. Figure from Echocardiography (Leeson P, Augustine D, Mitchell A & 
Becher H. Oxford University Press, 2012)[3]. 
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1.3.2 Cardiac magnetic resonance 
 
RV systolic function is prognostically important although its assessment by 
echocardiography can be compromised due to its complex anatomy as well as suboptimal 
images due to adverse body habitus. For these reasons and because of the good spatial and 
temporal resolution that CMR offers, CMR assessment of RV ejection fraction remains 
widely accepted the gold standard non invasive method of assessment [14-16].  CMR 
derived volumes have shown good correlation with in vivo studies [17] as well as good 
accuracy and reproducibility for RV measurements [18-19]. 
1.4 Diastolic function  
 
The assessment of LV diastolic function is as important as the assessment of LV systolic 
function. In diastolic dysfunction there is an abnormal cardiac relaxation, stiffness or filling 
as opposed to impaired cardiac contractile function seen with systolic dysfunction. The 
diagnosis of diastolic dysfunction or heart failure with a preserved ejection fraction accounts 
for around 50% of patients assessed with a new diagnosis of heart failure [20]. Impaired LV 
diastolic function often precedes systolic dysfunction in heart failure and is associated with 
increased mortality [21].  
1.4.1 Echocardiography 
Echocardiography is the most practical routine clinical approach for assessing diastolic 
dysfunction given its versatility. Echocardiographic diagnosis of diastolic dysfunction is one 
of the criteria needed to fulfil its diagnosis [20].  Specific echocardiographic markers of 
diastolic dysfunction include transmitral Doppler inflow velocity patterns, pulmonary venous 
Doppler flow patterns, tissue Doppler velocities and left atrial size.  
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Transmitral Doppler flow is acquired by placing a 1-2mm pulsed wave Doppler sample 
volume at the level of the tips of the mitral valve leaflets usually in the apical four chamber 
view. Assessment of the early (E) and late (A) filling, and deceleration time (DT) are integral 
in the assessment of the three major patterns of abnormal mitral inflow [22]: impaired 
relaxation; pseudonormal and restrictive filling.  Echocardiography is well suited to making 
this distinction in grading diastolic dysfunction due to its excellent temporal resolution. 
Progressively worse diastolic dysfunction , culminating in restrictive filling has been shown 
to be associated with an increased mortality in patients with heart failure and in a post 
myocardial infarction setting  [23] [24]. 
As previously mentioned, TDI  enables measurement of high amplitude, low frequency 
Doppler shifts caused by myocardial motion allowing measurements of global and 
segmental function. For global function assessment, the Doppler region of interest is placed 
at the lateral and septal borders of the mitral valve annulus. During systole it moves toward 
the apex and during diastole it returns towards the base in early (e’) and late (a’) diastole. 
Early diastolic velocity is related to LV relaxation and decreases with age [25]. The E/e’ ratio 
can be used for assessment of LV filling pressures as described in different clinical settings  
[26-27]. 
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Figure 1.7:  Doppler patterns for mitral valve, pulmonary vein and mitral annulus to 
characterize diastolic function. Figure from Echocardiography (Leeson P, Augustine D, 
Mitchell A & Becher H. Oxford University Press, 2012) [3]. 
 
1.4.2 Cardiac magnetic resonance  
 
Echocardiography is widely accepted as the principle non invasive method for assessing 
diastolic dysfunction. However, CMR offers an alternative method for the assessment of 
diastolic dysfunction. CMR in general achieves superior image quality and has sufficient 
temporal and spatial resolution to allow reproducible assessment of cardiac volumes 
[28],including LA volumes. The accurate assessment of LV volumes achieved by CMR enables 
the estimation of LV time-volume relation to quantitatively evaluate LV filling pressures [29]. 
As with echocardiography, CMR is also able to evaluate transmitral flow using velocity or 
phase encoded magnetic resonance imaging. This allows the generation of a time-velocity 
curve representing one average cardiac cycle. A typical time-velocity curve would have a 
temporal resolution of 20-30 milliseconds (ms) and allows estimation of early, late velocities 
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and approximation of DT. Whilst acceptable correlation between echo Doppler studies and 
CMR has been reported , the cut off values used in echo cannot simply be translated to 
those CMR indices based on time flow rate curves [30]. Whilst these CMR parameters 
provide an insight into diastolic function, further improvements especially to achieve better 
temporal resolution and to reduce the scan time for velocity encoded MRI will advance the 
CMR assessment of diastolic function in the future.  
1.5 Myocardial deformation imaging  
The term “strain” refers to an objects’ fractional or percentage change from its original, 
unstressed, dimension and reflects the deformation of a structure. When applied to 
myocardium, this deformation or strain directly describes the contraction / relaxation 
pattern.  
At rest, an object that has an initial length (L0) can be stretched or compressed to a new 
length (L). This change in length is usually represented as a percentage, with a negative 
score indictating a shortening in length. Should L equal L0 then strain remains zero. The 
strain rate provides the velocity at which deformation occurs and requires a high temporal 
resolution (>100Hz) which avoids underestimation due to under sampling [31]. Therefore, 
despite two objects displaying the same percentage of deformation, the speed at which this 
occurs can vary. 
Although ejection fraction is simple and intuitive, as well as being supported by a wealth of 
prognostic information, it has important limitations including image quality dependence, 
geometric assumptions, load dependence and insensitivity to early disease (which is 
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characterized by disturbances of longitudinal function).  Global strain measurement avoids 
inaccuracy due to inaccurate border tracing, but is dependent on image quality. 
The two echocardiographic methods used for the approximation of myocardial strain are 
TDI which derives strain from strain rate, a gradient of adjacent velocities over a sampling 
distance and speckle tracking - which derives strain from excursion of the speckles.   
1.5.1 Speckle tracking echocardiography 
The measurement of myocardial strain has allowed the analysis of wall motion and 
deformation [32]. Prior to the advent of speckle tracking echocardiography, TDI enabled the 
quantification of tissue velocities at specific myocardial points as identified by the operator. 
The myocardial fiber orientation of the LV is complex. The major limitation of the Doppler 
based approach is the angle dependency required during image acquisition [6, 33] which 
allows longitudinal strain values to be estimated much more easily than circumferential or 
radial strain. This has been overcome by the introduction of speckle tracking 
echocardiography where speckles generated by reflected ultrasound signal form a pattern. 
Different regions of myocardium will have a unique speckle pattern which will move from 
one frame to the next. These speckles can be tracked using dedicated speckle tracking 
software which use algorithms to track the movement of speckles and allow this movement 
to be quantified via a number of parameters (such as longitudinal strain, circumferential 
strain, radial strain, twist/ torsion, displacement, strain rates, area tracking). 
Strain is a mechanical characteristic that describes the deformation of objects. There are 
several different ways to measure strain. In its simplest (1-D) form, ε describes the 
deformation of an object relative to its original length using the following formula: 
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  L – L0   
      L0 
At rest, an object that has an initial length (L0) can be stretched or compressed to a new 
length (L). The results of this are traditionally expressed as a percentage, with a negative 
score dictating a shortening in length. Should L equal L0 then ε remains zero.  
When the length of the object is not only known before and after deformation but also 
during the deformation process then the instantaneous strain can be defined: 
L (t)– L(t0)   
      L(t0) 
with L(t) the length of the object at time instance t and L(t0) its initial length. The 
instantaneous deformation is expressed relative to the initial length. This is the Langrangian 
strain. Other measures for strain include natural strain (also termed logarithmic strain) 
which uses the natural logarithm function ln. Natural strain has the same properties as 
conventional strain regarding the sign: it is positive for lengthening, negative for shortening 
and zero for no change in length. The actual strain, however, is slightly different for each 
method. When compared to that of conventional strain, the natural strain amplitude is 
smaller for positive strains and larger for negative strains (e.g. a conventional strain of 20% 
corresponds to a natural strain of 18.2%).  
Longitudinal strain is measured from the LV apical views whereas radial and circumferential 
strains are taken from LV short axis views.Longitudinal strain is the motion from base to 
apex. During systole the contraction in this plane leads to fibre shortening, represented as a 
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negative percentage value (i.e. the more negative the value – the greater the deformation 
which has occurred). Radial strain is the amount of thickening of the myocardium which 
occurs. During systole myocardial contraction leads to fibre thickening in the radial plane. 
This is represented as a positive percentage value (i.e. the more positive the value – the 
greater the deformation which has occurred). Circumferential strain is the change in radius 
in the short axis. During systole myocardial contraction leads to fibre shortening. This is 
represented as a negative percentage value (i.e. the more negative the value – the greater 
the deformation which has occurred). 
During the cardiac cycle the left ventricle also undergoes a twisting motion. During systole 
the apex rotates counterclockwise whilst the base rotates in a clockwise fashion. These 
movements can also be estimated by speckle tracking and is known as rotation or torsion. 
Rotation is the angular displacement of a myocardial segment in the short axis view. Torsion 
(or twist) is the net difference between apical short axis and basal short axis rotation. 
1.5.1.1 Practical considerations when using speckle tracking 
Unlike TDI, speckle tracking is an angle independent technique and so the transducer can be 
placed off axis to obtain the optimal image. Optimal image quality and especially clear 
delineation of the endocardial border is necessary for reliable tracking. The optimal frame 
rate for acquisition of images is around 50-90 frames per second (FPS), much lower than 
frame rates needed for TDI (>120 FPS). TDI estimates the velocity relative to the transducer 
of tissues and can be calculated in each pixel. As a result the higher frame rates used when 
compared to speckle tracking allow the velocities to be tracked throughout the cardiac 
cycle. With speckle tracking, in patients with tachycardia or during rapid events in the 
cardiac cycle, these lower frame rates mean that there may be under sampling, with peak 
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strain and strain rate values being lower than the true value. Higher frame rates will reduce 
the problem of under sampling but at the expense of spatial resolution. These lower frame 
rates are thus used to ensure optimal spatial resolution but care must be taken not to lower 
the frame rate too much otherwise the speckle will not be able to be tracked from frame to 
frame highlighting the necessity of a good balance between temporal and spatial resolution. 
Another advantage speckle tracking echocardiography has over tissue Doppler imaging is 
that it is not influenced by the passive traction of scar tissue to adjacent myocardium (the 
tethering effect) [34].  
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Figure 1.8: Representation of longitudinal, circumferential and radial strain. Figure from 
Echocardiography (Leeson P, Augustine D, Mitchell A & Becher H. Oxford University Press, 
2012) [3]. 
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1.5.1.2 Speckle tracking assessment of 2D and 3D LV systolic 
function 
 
The advent of speckle tracking echocardiography has allowed myocardial deformation to be 
estimated in the longitudinal, circumferential and radial planes. 2D speckle tracking has 
been used for the analysis of left ventricular function in a number of pathologies including 
the assessment of coronary artery disease [35-37], valvular heart disease [38] and 
cardiomyopathies [39-40]. 
In reality speckles move through 3D space rather than remaining within the 2D sector. 
Newer technology is now available allowing the measurement of 3D speckle tracking strain. 
This has the advantage over 2D speckle tracking of being able to track the speckle 
throughout a cardiac volume irrelevant of their direction thus reducing the amount of 
speckle not being tracked due to out of plane motion as seen in 2D speckle tracking. 3D 
speckle tracking also allows the quantification of strain from the same cardiac volume rather 
than needing the acquisition of several (usually 6) 2D images from both short axis and apical 
views, thus reducing the concerns over heart rate variability affecting image analysis and 
also allowing quicker acquisition time. 3D speckle tracking has been used in the assessment 
of ventricular function in several situations including the estimation of  LV ejection fraction 
and volumes [41] and dyssynchrony [42]. 
Whilst there have been a number of papers using both 2D and 3D speckle tracking, it still 
remains largely a research tool with no universally accepted standard reference ranges. 
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Vendor variability  has been shown to exist between different  machine vendors in 2D (in 
vendor dependent software) [43-44] echocardiography and for certain strain parameters in 
3D echocardiography (with vendor independent software) [45]. 
The lack of a universally accepted reference range may be due to several factors including 
differences between different echocardiography machines in the generation of speckles, 
algorithm differences between software analysis packages, differences in frame rates 
between studies for image acquisition or even differences in heart rate of patient groups 
used.  
1.5.1.3 Speckle tracking assessment of RV systolic function 
Currently, RV systolic function assessment is limited to a visual assessment:  area tracing, or 
measurements made at the basal position of the myocardium, used as a surrogate indicator 
of global function. Historically used for the assessment of LV deformation, speckle tracking 
echocardiography has more recently been applied to the assessment of RV systolic function 
by using algorithms and speckle overlays designed for the LV. Despite the lack of RV specific 
algorithms, STE has been applied to the right ventricle (RV) for the assessment of both 
regional and global systolic function, in a number of pathological conditions and in 
situations of RV conditioning, with promising results [46-52]. 
1.5.1 4 Speckle tracking assessment of diastolic function 
Speckle tracking echocardiography has also been used for the assessment of diastolic 
function. Whilst similar advantages and limitations for its use exist as with speckle measures 
of systolic deformation parameters, increasing studies have highlighted its potential use 
with the assessment of diastolic function. Speckle tracking untwist [53] as well as diastolic 
strain rates [54] have been shown to be altered in those with diastolic dysfunction. 
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1.5.2 CMR assessment of myocardial deformation 
CMR using a ‘tagging’ technique has been used to measure myocardial deformation [55-57]. 
Here, magnetization saturation bands in a grid format are placed onto the myocardium 
typically at the start of the cardiac cycle upon detection of the QRS complex. These tags are 
then able to track the myocardial motion during the cardiac cycle, reflecting underlying 
myocardial deformation.  Image processing is then often performed using harmonic phase 
(HARP) analysis [57] to obtain similar deformation parameters to those seen with speckle 
tracking echocardiography [58-59].  
1.5.2.1 Myocardial deformation analysis: comparison of 
echocardiography and CMR 
 
The echocardiographic assessment of myocardial deformation parameters has advantages 
over CMR assessment, which include improved temporal resolution, its portability, quicker 
imaging time and cost effectiveness. The fading of CMR tagging grids during the cardiac 
cycle also favors the use of echocardiography in the assessment of diastolic deformation 
parameters. However, in favor of CMR in the assessment of myocardial deformation are the 
excellent spatial resolution and the excellent image quality, not always seen with 
echocardiography.  
Myocardial strain derived from 2D speckle tracking echocardiography has been validated 
using CMR strain derived by tagging [55] although more recent studies have shown that 
correlations between the two imaging modalities for systolic deformation analysis is modest 
[59-60]. 
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1.5.2.2 Deformation assessment using CMR feature tracking 
 
A new software system, ‘feature tracking’ (2D cardiac performance analysis, Tom Tec, 
Germany) can measure ventricular deformation directly from steady state free precession 
(SSFP) cine CMR images, without the need for specialised tagged images. At the onset of this 
project there were relatively few publications using feature tracking. Since then, the results 
presented in this thesis by me and others have provided a body of work to establish the 
feasibility and normal ranges for feature tracking. 
Feature tracking has potential advantages of reducing the overall scan time as well as 
allowing retrospective analysis of images to obtain deformation parameters without the 
need for additional imaging sequences. A wide range of deformation parameters can be 
calculated including strain, strain rate, rotation as well as displacement and tissue velocity 
values.  
The technology used for feature tracking is similar in concept to speckle tracking 
echocardiography. It requires the operator to manually insert individual points to delineate 
the endocardial ± epicardial border over a single frame. A computed line through these 
individual points traces the border. This trace is then followed in time by tracking features 
that are in close proximity around this point in subsequent frames. These tracking features, 
can include the cavity boundary, anatomical elements or tissue patterns, related to the 
myocardial contour [61]. The movement of features from frame-to-frame are used to 
quantify myocardial deformation over the cardiac cycle.  
CMR feature tracking software has been used to assess LV systolic deformation parameters 
in patients with arrhythmias [62], ventricular hypertrophy [63],cardiomyopathies [64-65], 
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dyssynchrony  [66-67], pre and post dobutamine [68] and patients with congenital heart 
disease [69-71]. Studies have also used this software to identify RV strain [70, 72] and more 
recently both RV and LV strain in young adults born pre term [73-74].   
Despite increasing numbers of studies using feature tracking software, currently no 
standardised normal values exist for systolic strain parameters [62]. To date peer reviewed 
published studies assessing feature tracking LV systolic deformation normal values have in 
general used relatively small numbers as part of control groups, varying between 10 – 42 
people [68-70, 75-78] with the largest of these study populations (n=42) measuring 
circumferential strain only [76].  
The software also offers the opportunity for the estimation of ventricular ejection fraction, 
mass and volumes and the potential to analyse diastolic deformation parameters also exists, 
although to date these parameters have not been assessed in peer reviewed published 
studies.  
The increasing number of reports using feature tracking CMR technology highlights it’s 
potential although more detailed studies to identify normal ranges as well as comparison 
with existing CMR (tagging) and echocardiographic (speckle tracking) strain modalities 
would be of use to assess whether strain measurements using different imaging modalities 
are truly interchangeable, irrespective of vendor or analysis technique. 
1.6. Study aims 
 
This study reviews the use of CMR feature tracking including its feasibility, reproducibility 
and comparison with other imaging modalities to provide assessment of myocardial 
deformation. Specifically, this study aims to: 
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1. Define normal feature tracking LV systolic deformation values and to assess their 
reproducibility.  
2. Assess the ability of feature tracking to estimate ventricular volumes, mass and 
ejection fraction. 
3. Assess the feasibility of feature tracking to measure diastolic function and to 
compare this with standard echocardiographic assessment. 
4. To compare LV and RV feature tracking strain values with CMR tagging and speckle 
tracking echocardiography. 
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Chapter 2: Methods 
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 2.1 Patient group 
Over the course of the two year study period the feasibility and comparison with 
echocardiography of myocardial strain from CMR cine images using feature tracking was 
assessed. This was performed in normal healthy volunteers (chapters 3, 4, 5 and 7) as well 
as those with diastolic dysfunction (chapter 6). 
In total, CMR images from two hundred and forty eight healthy volunteers, recruited by 
advertisement as controls for research studies over a two year period, were analysed. None 
of the healthy volunteers had documented cardiovascular risk factors, cardiac disease or 
other medical problems relevant to cardiac function, Table 2.1. The research studies were 
approved by the local ethics committee and informed consent for participation obtained 
from all subjects. 
Table 2.1: Study population demographics.  
 
 
 
 
 
 
 
 
 
 
Patient Characteristics (N=248) 
 
Age, yrs 29.0±7.1 
Male, n (%) 99 (40%) 
Body Mass Index, kg/m2 24.1±4.3 
Haemodynamics 
 
Systolic arterial BP, mmHg 115±12 
Diastolic arterial BP, mmHg 69±6 
Blood Profile 
 
Total Cholesterol (mmol/L) 4.7±1.0 
LDL (mmol/L)  2.3±1.0 
HDL (mmol/L) 1.9±0.8 
Glucose(mmol/L) 4.9±0.5 
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2.1.1 Patient group chapter 3 
In chapter 3 we define normal ranges for the various deformation parameters available 
using feature tracking software. This cohort consisted of 145 of the healthy volunteers. Prior 
to the onset of this work, the use of myocardial strain assessment from CMR cine images 
was in its infancy with no normal values existing. However, this number of participants is 
greater than current published studies assessing the use of myocardial strain from cardiac 
magnetic resonance tissue tagging in healthy normal subjects [79-82]. 
 
 
 
 
 
 
 
 
Figure 2.1: Study Cohort 
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2.1.2 Patient group chapter 4 and 5 
In chapters 4 and 5 LV and RV myocardial strain (n= 20) was assessed and compared using a 
variety of techniques (CMR feature tracking, CMR tagging, 2D echocardiography and 3D 
echocardiography). 
2.1.3 Patient group chapter 6 
In chapter 6 the use of feature tracking to assess diastolic function from cine CMR images 
and a comparison with standard echocardiography techniques is made. For this, 30 
participants with diastolic dysfunction and 30 age and sex matched controls were used. The 
group with diastolic dysfunction (defined using international guidelines [26], see section 
2.4.4) was used from a cohort of patients with asymptomatic moderate - severe aortic 
stenosis. The specificity and sensitivity of the feature tracking parameters to identify 
diastolic dysfunction was calculated and finally from the cohort of healthy volunteers 
(n=166), normal ranges for diastolic feature tracking parameters were identified.  
2.1.4 Patient group chapter 7 
In chapter 7, analysis of CMR scans from 248 healthy volunteers was used to assess the 
feasibility of using feature tracking software to estimate LV and RV mass, volumes and 
ejection fraction. 
2.2 Clinical assessment 
During this thesis, two main cohorts of participants were used: healthy volunteers (n= 248) 
and those with diastolic dysfunction (n = 39). 
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As part of the research studies from where the cohort for this work was obtained, on the 
day of CMR scanning, all subjects underwent a clinical assessment. This included recording a 
full medical history and documenting: 
 The presence or absence of exclusion criteria  
 The presence or absence of cardiovascular symptoms  
 The past medical history (with particular attention paid to any past cardiovascular 
history) 
 Drug history, including allergies 
 Alcohol and smoking history 
 Family history, with particular reference to cardiovascular problems 
A full physical cardiovascular examination was also performed and the following recorded: 
 Height  and weight using calibrated scales 
 Blood pressure measurements using a manual sphygmomanometer 
 Pulse rate, volume, regularity 
 The presence/absence of added heart or chest sounds and ankle oedema 
 Abnormalities of the abdominal, neurological or respiratory system 
The following investigations were performed:  
 12 lead electrocardiogram, (ECG) 
 CMR scan 
 Echocardiography where appropriate. 
2.3 Cardiac magnetic resonance 
This study assesses the use of myocardial strain derived from CMR acquisitions and using 
either feature tracking or myocardial tagging techniques. This study also assesses the 
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feasibility of feature tracking for the assessment of ventricular volumes, mass and ejection 
fraction. The main potential advantages of using CMR for these purposes is that image 
quality is not limited and therefore can be used for measures of LV mass, volumes and 
function.  
2.3.1 CMR cine acquisition protocol  
In chapters 3,6 and 7 CMR images were recorded using a Siemens 1.5T Sonata scanner with 
a 16 channel receiver coil without the use of contrast following the same standardisation 
protocol for all acquisitions. Image acquisition was prospectively ECG gated with a 
precordial three lead ECG and acquired during end-expiratory breath holding. SSFP cine 
sequences were used to acquire localisation images followed by a SSFP ventricular short axis 
stack to obtain coverage of the entire LV and horizontal long axis, vertical long axis and LV 
outflow tract views (LVOT) cine images. Image acquisition parameters were echo time (TE) 
of 1.5ms, a repetition time (TR) of 3.0ms, temporal resolution 39.0±2.8ms and a flip angle of 
60º, field of view 360mm, slice thickness 8mm, acquisition window 800 msec. Slice positions 
were chosen from the images obtained for the left ventricular short axis SSFP stack. The 
nearest slice to the base in which a complete circle of myocardium was visible throughout 
the cardiac cycle was selected as the basal slice. The mid-ventricular and apical slices were 
then selected with sequential 2cm gaps towards to the apex. 
In Chapters 4 and 5, CMR imaging was acquired at 3-Tesla (Trio, Siemens Healthcare, 
Erlangen, Germany). Here, image acquisition parameters were TE of 1.5ms, a TR of 3.0ms, 
temporal resolution 37.8ms and a flip angle of 60º, field of view 360mm, slice thickness 
8mm, acquisition window 800 msec. 
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2.3.2 CMR tagging acquisition protocol  
When necessary, a gradient echo-based tagging pulse sequence was performed in the long 
axis (HLA, VLA and 3 chamber view) and in the basal, mid ventricular and apical short axis 
slices with a segmented K-space, multi-shot sequence (repetition time 25ms, echo time 
7.4ms and flip angle 25º). Slice positions were chosen from the images obtained for the LV 
short axis SSFP stack. The nearest slice to the base in which a complete circle of myocardium 
was visible throughout the cardiac cycle was selected as the basal slice. The mid-ventricular 
and apical slices were then selected with sequential 2cm gaps towards the apex [83]. 
2.3.3 CMR ventricular volumes, ejection fraction and mass by 
manual contouring 
 
 CMR has demonstrated excellent accuracy and reproducibility for the estimation of 
ventricular volumes and left ventricular mass [84-85] based on the contoured disc 
summation method, which is widely accepted as the gold standard technique.   
CMR mass, volumetric and ejection fraction analysis was performed off line using 
commercially available analysis software (Argus, Siemens). Imaging was triggered on the R 
wave. As images were triggered on the R wave mostly the first phase of each slice 
corresponded to end diastole, however end diastole was always selected to be the frame or 
phase with the largest LV cavity. The systolic frame for contouring was determined by visual 
assessment, using the frame where the LV cavity was at its smallest. At end diastole the LV 
endocardial and epicardial contours were manually traced and at end systole the 
endocardial border was traced (Figure 2.2C). Epicardial fat was excluded from the epicardial 
contour [86] and the papillary muscle was excluded from the LV cavity and included in the 
LV mass. 
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2.3.4 CMR ventricular volumes, ejection fraction and mass by 
feature tracking 
 
Diogenes feature tracking software (2D cardiac performance analysis TomTec, Germany) 
was used for analysis. Following uploading of the HLA image, the brightness was optimised 
to ensure optimal endocardial / blood pool discrimination to aid visual assessment when 
marking the endocardium. Points were placed along both the LV endocardial and epicardial 
border at end diastole (Figure 2.2A) as well as the RV endocardial border. The software then 
automatically delineated borders through the marked points and searches for similar 
features in subsequent frames (Figure 2.2B). From applying the algorithm to the end 
diastolic frame it is possible to produce values for LV mass, ejection fraction as well as left 
and right ventricular end diastolic and end systolic volumes. Given that the feature tracking 
algorithm is different to contour tracking software we also evaluated results for end systolic 
volumes by applying the algorithm to the end systolic frame and examining the effect this 
had on the end systolic volume (the corrected end systolic volume, ESV Cor). Using the ESV 
Cor and the initial end diastolic volume (EDV) value it was also possible to estimate a 
corrected ejection fraction (EF Cor (%)): 100*(EDV-ESV Cor)/ EDV. 
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A                                                    B                                                     C 
 
Figure 2.2: Contouring using feature tracking and CMR Argus. 
A: Endocardial and epicardial contouring using feature tracking 
B: Representation of the regions of features (green circles) followed by the contoured point 
(yellow). 
C: Manual end systole and end diastole contouring using CMR Argus. 
 
2.3.5 CMR feature tracking assessment for strain parameters 
2D Cardiac Performance Analysis Software (TomTec, Germany) was used to obtain strain 
quantification directly from cine images, Figure 2.3. The same experienced operator 
performed all measures following a standard protocol taught by the software manufacturer. 
Following uploading of the image the brightness is optimised to ensure optimal endocardial 
/ blood pool discrimination. Points are placed along the endocardial border (for 
determination of longitudinal and circumferential deformation parameters) and both the 
epicardial and endocardial borders (for determination of the radial deformation 
parameters). The software then automatically delineates the endocardial border through 
the marked points and searches for similar features in subsequent frames. In a proportion of 
subjects it was visually apparent the software failed to track myocardial motion in certain 
segments. Poor tracking was considered to be present when the movement of the points 
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along a portion of the border deviated from the movement of the endocardium by greater 
than 50% of the myocardial width. A record was kept of which segments failed to track and 
these segments were excluded from subsequent analysis. For systolic strain parameters, 
longitudinal strain, strain rates, velocities and displacement were obtained from the long 
axis views. Circumferential and radial strain, strain rates, velocities as well as basal and 
apical rotation and rotation rates were measured from the short axis SSFP views.  
For diastolic strain parameters longitudinal and radial measured parameters included global 
and regional (basal, mid and apical) diastolic strain rates as well as early and late diastolic 
velocities to allow estimation of the ratio of early to late velocities. In addition global and 
regional circumferential diastolic strain rates were recorded as well as basal and apical 
untwist rates. Longitudinal values were obtained from the long axis views. Radial and 
circumferential values were obtained from the short axis views. 
Short axis slice position was selected in the same way as for tagging image acquisition and, 
therefore, corresponding slices were used in those who had both sets of measures.  
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Figure 2.3: CMR strain analysis using feature tracking. Top row: Left, representation of the 
regions of features (green circles) followed by the contoured point (yellow). Right, short axis 
radial and circumferential strain curves; Bottom row: Left, 3D longitudinal strain curve. Right, 
feature tracking radial velocity curves demonstrating early and late diastolic velocities. 
 
2.3.6 CMR tagging assessment for strain parameters 
In those subjects who had undergone tagging studies semi-automated analysis of the tagged 
cine images was performed using CIM software (CIMTag2D v.7, Auckland MRI Research 
Group, New Zealand). CimTag2D is a manual corrected tracking procedure where a grid was 
aligned automatically to the myocardial tagging planes at end diastole. End systole is 
determined visually, and tags are adjusted at each frame through the cardiac cycle, Figure 
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2.4. Errors in the tracking are corrected by visual feedback by the user, previously validated 
against displacement encoding using stimulated echoes (DENSE) and deformable gel 
phantoms [87].  Circumferential, longitudinal and radial myocardial strains and strain rates 
were calculated by the software from the motion of the intersected tag lines. Global values 
were recorded. Regional values were calculated at basal, mid and apical levels. 
 
 
 
 
 
 
 
 
Figure 2.4: CMR Tagging. CimTag2D software tracks tagging which has been applied to short 
axis LV for measurement of circumferential and radial strain.  
 
2.4 Echocardiography 
Echocardiography has the advantage of having superior temporal resolution when 
compared with cardiac magnetic resonance imaging. This makes it an excellent modality for 
the assessment of both systolic strain parameters by speckle tracking and also in the 
assessment of diastolic dysfunction. 
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2.4.1 2D and 3D speckle tracking echocardiography acquisition 
protocols 
 
Selected participants underwent echocardiograms to allow strain parameters to be 
processed.  Two different ultrasound systems were used (iE33 system with X5-1 transducer 
for both 2D and 3D images (Philips Medical Systems, Zoetermeer, The Netherlands) and 
Toshiba Artida 4D system with  PST 30BT probe for 2D and PST-25SX probe for 3D images. 
Three apical 2D views (4 chamber, 3 chamber and 2 chamber) and three short axis views 
(basal, mid and apical) were acquired. For the analysis of RV free wall longitudinal strain the 
2D apical 4 chamber view was recorded with careful optimisation of the tilt and sector width 
to focus on the RV.  
3D images were acquired using full volume datasets based on 4 subvolumes over 4 
consecutive cardiac cycles. 3D volumes were checked for the presence of stitching artefacts 
and if present the volume was discarded and re acquired. Gain settings, sector widths and 
frame rates were optimised prior to image acquisitions, which were taken at end expiration. 
2.4.2 2D Speckle tracking echocardiography post processing 
2D images were analysed by software from the same vendor as the ultrasound acquisition 
systems (Philips QLab 8.1 and Toshiba WMT) and also by vendor-independent software 
(TomTec). Figure 2.5 depicts the analysis process, which is based on tracing or manually 
delineating the endocardial border. The software then performs automatic segmentation, 
which can be manually adjusted to ensure optimal endocardial overlay. Global 
circumferential and radial LV strain was estimated by averaging peak strains from all 
segments in the short axis planes and longitudinal strain from apical views.   
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Figure 2.5: 2D Speckle tracking post processing. Left: Apical 4 chamber contouring using 
QLAB 8.1 CMQ – the operator is asked to mark the left, right mitral annulus and the apex 
before the software delineates the myocardial borders. Middle: Short axis basal level 
contouring using Toshiba Artida – the operator is asked to identify 3 anatomical points 
corresponding to 4, 8 and 12 o’clock, the software then automatically delineates the 
endocardial (yellow dashed line) and epicardial (green dashed line) borders. Right: Apical 4 
chamber contouring using TomTec cardiac performance analysis – the operator manually 
marks the endocardium and contour is formed. 
 
2.4.3 3D Speckle tracking echocardiography post processing 
3D images were analysed by vendor independent software (TomTec). In addition, Toshiba 
images were analysed by Toshiba software (there is no dedicated Philips 3D software). 
Apical four chamber, two chamber and short axis views reconstructed from the 3D 
acquisition are automatically segmented and then manually adjusted to minimise 
foreshortening. Anatomical landmarks, according to software requirements, were identified 
to allow semi-automatic endocardial contouring (see Figure 2.6), which could then be 
manually adjusted, if required. Peak segmental strain values were averaged to give the 
overall global peak circumferential, radial and longitudinal strain. 
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Figure 2.6:  Contouring of 3D echocardiographic images. Left: 3D volume analysed in 
TomTec LV analysis 3 – the operator is asked to identify the aortic valve position (AV) and 
the centre of the mitral valve and the apex in the three apical views. The software package 
automatically contours the endocardium in the end diastolic frame and depicts the apical 
and short axis contours (middle). Right: 3D LV volume contouring on Toshiba 3D WMT – the 
volume is shown in 5 views (two apical long axis and 3 short axis views). The left, right mitral 
hinge point and the apex are marked allowing contouring. 
 
2.4.4 Diastolic function assessment 
2D echocardiography was performed using either a  Phillips iE33 system with X5-1 
transducer (Philips Medical Systems, Zoetermeer, The Netherlands) or Toshiba Artida 4D 
system with PST 30BT probe. Images to assess ventricular diastolic function were performed 
according to the American and European Societies of Echocardiography guidelines [26]. 
Measurements used to assess diastolic function included measurement of left atrial volume 
[88]; pulsed Doppler to record transmitral inflow in the apical four chamber view [89] and 
tissue Doppler velocities at the septal and lateral annular sites [90].  
LV diastolic post processing was performed using Toshiba Artida Analysis [91] and Phillips 
Xcelera (for images acquired using Phillips iE33). Left atrial volume was assessed by the 
biplane method of discs (using an average of apical four and two chamber views). Mitral 
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inflow measurements included peak early (E) and peak late (A) velocities, E/A ratio and the 
deceleration time of E, Figure 2.7. The early diastolic (e’) velocity by tissue Doppler at the 
septal and lateral annular sites was measured and the E/e’ ratio calculated, see below Figure 
2.7. 
  
  
 
 
 
 
 
 
 
 
 
Figure 2.7:  Assessment of diastolic function. Top row left atrial volume assessment; bottom 
left mitral inflow measurements; bottom right tissue Doppler recording at the lateral 
annular site.  
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LV diastolic function was graded according to the American and European Societies of 
Echocardiography guidelines [23], see Figure 2.8 below. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.8: Echocardiographic grading of diastolic dysfunction. e’, early diastolic velocity by 
tissue Doppler ; LA, left atrium; E, early mitral inflow velocity; A, late mitral inflow velocity; 
DT, deceleration time. 
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Chapter 3: Left Ventricular Myocardial 
Deformation Measures By Magnetic 
Resonance Feature Tracking: Normal 
Values and Comparison with Tagging 
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3.1 Introduction 
LV myocardial systolic strain and deformation parameters alter early in disease 
pathogenesis [92-93] and vary with cardiac pathologies [38-39]. These parameters can be 
measured with CMR using a ‘tagging’ technique, in which magnetization saturation bands in 
a grid format are placed onto the myocardium at the start of the cardiac cycle. Image 
processing is then often performed using HARP imaging [57]. However, this can be difficult 
as tagged images have lower temporal resolution and the tag overlay fades through the 
cardiac cycle. A new software system, ‘feature tracking’ (2D Cardiac Performance Analysis, 
Tom Tec, Germany) can measure LV deformation directly from SSFP cine CMR images, 
without the need for specialised tagged images. The software tracks features, such as the 
cavity boundary or tissue patterns, related to the endocardial contour. The movement of 
features from frame-to-frame are used to quantify myocardial deformation over the cardiac 
cycle. Feature tracking has been used to quantify myocardial strain at a global level and 
within individual short axis slices in several studies [68, 76, 94]. However, clinical scenarios 
such as stress imaging or dyssynchrony evaluation need to measure strain regionally or even 
at a segmental level, and determine whether measured deformation parameters differ from 
normal values. The aims of this chapter were to: 
1. Perform feature tracking analysis on cine CMR images obtained in a large number of 
normal subjects to determine ranges for deformation parameters including strain, 
displacement, velocity and twist at a regional and segmental level.  
2. To evaluate reproducibility of the different measures and whether normal values 
vary by myocardial region and between genders.  
3. To compare values to those obtained by traditional tagging techniques. 
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3.2 Methods 
One hundred and forty five healthy volunteers were recruited as described in Chapter 2. 
Anthropometric measurements (height and weight), blood pressure and fasting blood tests 
(lipid profiles and glucose) had been obtained at the time of the CMR scan. All subjects 
underwent the same standardised CMR scan (Chapter 2.3.1). Twenty of the cohort also had 
CMR tagging images acquired (Chapter 2.3.2). LV systolic strain parameters were obtained 
using feature tracking for analysis of cine SSFP images (Chapter 2.3.5) and CIM software for 
tagged images (Chapter 2.3.6). Using basal, mid and apical levels from the short axis stack, 
circumferential and radial strain parameters as well as torsion were derived. From the HLA 
view, longitudinal LV strain was determined. In 12 subjects feature tracking measures were 
repeated after an interval of 3 weeks by both the first observer and a second experienced 
observer to assess inter and intra-observer agreement for measures. 
3.3 Statistical analysis 
Summary variables for subject characteristics and normal ranges of deformation parameters 
are presented as mean ± standard deviation. Inter and intra observer variability was 
assessed using the coefficient of variation (CV). Comparison of demographic, clinical and 
myocardial deformation data between genders was performed by independent student t 
test for normally distributed variables and Wilcoxon test for non-normally distributed 
variables. Distribution of the variables was assessed using the Kolomogrov Smirnov test. 
Comparisons of myocardial deformation parameters between myocardial regions was 
performed by ANOVA with a repeated measure design using a Greenhouse-Geisser 
correction followed by paired Student t-test to define the differences. Comparison of 
feature tracking derived values with tagging results was assessed using Bland Altman [95] 
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analysis. Initially the presence of proportional bias was assessed by performing linear 
regression. If the slope of the regression differed significantly from zero then the data was 
log transformed prior to performing the Bland Altman analysis to obtain the bias and limits 
of agreement which were then back transformed to give representative results. All 
computations were performed using SPSS 18 (SPSS Inc., Chicago, IL, USA). 
3.4  Results 
3.4.1 Study population and strain analysis 
Baseline characteristics of the 145 subjects in the study cohort are demonstrated in Table 
3.1. All subjects had analysable scans and of the 5200 segments assessed, 520 could not be 
tracked adequately by the software (10%). This was predominantly a problem with the 
segmental analysis of radial and longitudinal directed deformations, affecting 291 and 211 
segments, respectively. Only 18 segments were considered unsuitable for analysis of 
circumferential strain.  Inter and intra-observer agreements for feature tracking analysis are 
shown in Table 3.2. For global and regional strain measurements, the best observer 
agreement tended to be with circumferential strain at both global (CV 2.8-4.9%) and 
regional (CV range between 3.2% and 9.2%) levels with the poorest agreement for radial 
strain (global CV 22.9-32.3%; regional CVs range from 13.5 to 48.5%). Regional 
reproducibility was best at the mid and basal ventricular levels (with an inter-observer CV 
for mid circumferential strain of 4.5%) and worst at the apex.  
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Table 3.1: Baseline characteristics 
Characteristic Overall 
Male (Total number) 54 
Female (Total number) 91 
Age (Years) 29.7±7.6  
Weight (kg) 70.7± 13.6 
Height (cm) 171.2± 9.1 
Body mass index (Kg/m2) 24.1± 4.4 
Fasting total cholesterol (mmol/l) 4.5± 1.1 
Fasting glucose (mmol/l) 4.8± 0.5 
Systolic blood pressure (mmHg) 116.3± 11.9 
Diastolic blood pressure (mmHg) 70.6± 8.2 
Heart rate (beats/min) 66.9± 9.3 
Data are presented as mean ± SD 
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  Global Basal Mid Apical 
  FT 
Interobserver 
Agreement 
FT 
Intraobserver 
Agreement 
FT 
Interobserver 
Agreement 
FT 
Intraobserver 
Agreement 
FT 
Interobserver 
Agreement 
FT 
Intraobserver 
Agreement 
FT 
Interobserver 
Agreement 
FT 
Intraobserver 
Agreement 
Longitudinal 
Strain  
10.9 12.3 10.8  17.7 17.5 17.7 31.3 42.7 
Longitudinal 
Strain Rate  
16.2 16.0 34.3 19.2 21.1 17.8 25.6 23.2 
Radial Strain  32.3  22.9 
  
13.5  48.5 26.3 14.8 29.1 23.9  
Radial Strain 
Rate 
14.9   15.6 15.8  14.1  27.2  11.3 31.3  30.2 
Circumferential 
Strain  
4.9  2.8  3.2  6.0 
  
4.5  6.4  9.2  6.0  
Circumferential 
Strain rate 
7.9   6.3 15.9  6.3  6.9   18.3  17.3  9.1 
Longitudinal 
Velocity  
13.2  22.2  24.3 
 
23.3 33.7 32.2 65.5 31.2 
Longitudinal 
Displacement  
18.6  31.8 25.6 18.1 37.2 34.9 43.9 75.6 
Radial Velocity  2.4   6.2 5.2  5.1 5.0  4.5 6.2  7.3 
Radial 
Displacement  
2.7 4.3 7.5   4.3  6.4  4.5 7.5  5.7  
Table 3.2: Feature tracking, interobserver and intraobserver coefficient of variation (%). 
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3.4.2 Global and regional feature tracking strain deformation 
values.     
 
Ranges for deformation parameters derived by feature tracking at a global and regional 
level are shown in Table 3.3. The results at the segmental level are shown in Table 3.4.  
Interestingly, all longitudinal, circumferential and radial parameters were higher at the basal 
compared to the apical level (p<0.05) although the magnitude of difference for 
circumferential strain did not meet significance (p=0.09). Absolute rotation and rotation rate 
were also higher at the base compared with the apex (p<0.05). Table 3.5 presents recorded 
values for global deformation parameters by gender with groups matched to ensure similar 
age distributions. There were no significant differences between genders in circumferential 
strain or strain rate. However, longitudinal strain values were higher in females, whereas, 
radial values were higher in males for strain (0.23± 0.04 vs. 0.22± 0.06, p=0.02), strain rate 
(1.16± 0.17s-1 vs. 1.13± 0.49s-1, p=0.03), velocities (2.60±0.29cm/s vs. 2.29±0.28, p<0.001) 
and displacement (5.24±0.60 vs. 4.76±0.69, p<0.001).  
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  Longitudinal Radial Circumferential  
Rotation 
(deg) 
 
Rotation 
Rate 
(deg/s) 
 
Torsion 
(deg) 
Level Strain  Strain 
Rate 
(s-1) 
Velocity 
(cm/s) 
Displacement 
(mm) 
Strain  Strain 
Rate  (s-1) 
Velocity 
(cm/s) 
Displacement 
(mm)  
 
Strain  Strain 
Rate (s-1) 
Global -0.19 
±0.03 
-1.08 
±0.24 
2.60   
±0.55 
5.04         
±1.14 
0.25 
±0.06 
1.25    
±0.4 
2.5   
±0.36 
5.1          
±.073 
-0.21 
±0.03 
1.21 
±0.18 
N/A N/A 15.52 
±7.55 
Basal -0.21 
±0.05 
-1.21 
±0.36 
3.38  
±0.72 
6.61         
±1.83 
0.26 
±0.08 
  2.84   
±0.53 
6.02        
±1.08 
-0.22 
±0.04 
-1.33 
±0.28 
-8.44 
±6.06 
-59.79 
±33.44 
N/A 
Mid -0.19 
±0.04 
-1.08 
±0.27 
2.65 
±0.69 
6.37       
±10.15 
0.24 
±0.08 
1.25 
±0.36 
2.48 
±0.41 
4.89        
±0.82 
-0.18 
±0.03 
-1.05 
±.018 
N/A N/A N/A 
Apical -0.16 
±0.05 
-0.98 
±0.34 
1.7   
±0.74 
2.74          
±1.15 
0.23 
±0.09 
1.18 
±0.43 
2.19 
±0.41 
4.38        
±0.82 
-0.21 
±0.38 
-1.26 
±0.25 
7.36 
±5.38 
52.90 
±28.78 
N/A 
Table 3.3: Normal values for systolic deformation parameters obtained using feature tracking 
for global and slice values (basal, mid, apical).  
 
Data are presented as mean ± SD. Strain values represented as a fraction written in decimal form. 
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 Longitudinal Radial Circumferential 
Level Strain  Strain Rate  (s
-1
) Vel (cm/s) Displacement [21] Strain  Strain Rate  (s
-1
) Vel (cm/s) Displacement [21] Strain  Strain Rate  (s
-1
) 
Basal           
Anterior -0.21 ±0.10 -1.08±0.88 4.13±1.83 8.15 ±4.54 0.39 ±0.21 1.73 ±0.81 3.12 ±0.99 6.69 ±2.08 -0.22 ±0.08 -1.06 ±2.77 
Lateral -0.20 ±0.11 -1.61±3.82 3.29±1.55 5.85 ±3.25 0.35 ±0.17 1.93 ±0.35 2.88 ±0.75 5.89 ±1.70 -0.26 ±0.10 -1.59 ±0.69 
Posterior -0.24 ±0.11 -1.49±0.69 3.72±1.75 7.01 ±3.00 0.26 ±0.14 1.18 ±0.56 3.01 ±0.81 6.24 ±1.69 -0.23 ±0.08 -1.41 ±0.58 
Inferior -0.16 ±0.09 -0.87±0.58 2.64±1.15 5.16 ±2.86 0.17 ±0.11 0.93 ±0.49 3.03 ±0.9 6.51 ±1.91 -0.20 ±0.09 -1.21 ±0.57 
Septum -0.15 ±0.08 -1.08±0.59 3.55±1.73 5.86 ±3.31 0.12 ±0.08 0.81 ±0.49 2.38 ±0.75 5.04 ±1.57 -0.22 ±0.09 -1.26 ±0.62 
Anterior Septum -0.24 ±0.12 -1.5±0.77 3.29±1.81 7.30 ±3.89 0.22 ±0.12 1.13 ±0.69 2.6 ±0.8 5.67 ±1.65 -0.20 ±0.07 -1.20 ±0.57 
Mid           
Anterior -0.23 ±0.08 -1.21 ±0.61 3.36±1.72 6.05 ±3.17 0.33 ±0.18 1.61±0.74 2.45 ±0.58 4.92 ±1.15 -0.18 ±0.06 -1.05 ±0.38 
Lateral -0.22 ±0.11 -1.36±0.74 2.98±1.58 4.17   ±2.9 0.32 ±0.14 1.69 ±0.8 2.6 ±0.56 5.05 ±1.12 -0.19 ±0.06 -1.09 ±0.45 
Posterior -0.18 ±0.09 -1.14±0.67 2.59±1.33 4.68± 2.58 0.26 ±0.13 1.25 ±0.5 2.56 ±0.65 4.95    ±1.3 -0.18 ±0.06 -1.10 ±0.37 
Inferior -0.13 ±0.07 -0.73±0.42 2.64±1.15 4.86 ±2.58 0.16 ±0.09 0.89 ±0.44 2.50 ±0.60 4.9     ±1.22 -0.17 ±0.06 -1.05 ±0.37 
Septum -0.15 ±0.08 -0.91±0.51 2.97±1.57 4.14 ±2.26 0.13 ±0.08 0.85 ±0.46 2.38 ±0.6 4.67  ±1.22 -0.18 ±0.06 -1.04 ±0.37 
Anterior Septum -0.19 ±0.12 -1.22±0.83 2.49±1.37 4.79   ±2.1 0.22 ±0.13 1.25 ±0.64 2.41 ±0.59 4.83 ±1.14 -0.17 ±0.06 -0.93 ±0.38 
Apical           
Anterior -0.18 ±0.07 -1.11 ±0.60 1.49 ±0.77 2.66 ±1.39 0.29 ±0.14 1.42 ±0.61 2.09 ±0.51 4.20 ±0.98 -0.20 ±0.05 -1.12 ±0.34 
Lateral -0.13 ±0.07 -0.83 ±0.43 3.07±2.33 2.37 ±2.03 0.24 ±0.14 1.28 ±0.60 2.27 ±0.54 4.48 ±1.06 -0.22 ±0.05 -1.31±0.43 
Inferior -0.16 ±0.07 -0.9 ±0.44 1.53±0.88 3.19 ±1.81 0.14 ±0.12 0.90 ±0.55 2.30 ±0.53 4.60 ±0.91 -0.23±0.07 -1.38 ±0.47 
Septum -0.13±0.07 -0.88± 0.46 1.95± 1.24 2.33 ±1.43 0.18±0.10 1.07 ±0.57 2.09 ±0.51 4.22 ±1.05 -0.21 ±0.07 -1.21 ±0.48 
Table 3.4: Normal segmental values for systolic deformation parameters obtained using feature tracking 
 
Data are presented as mean ± SD. Strain values represented as a fraction written in decimal form. 
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3.4.3 Feature tracking and tagging comparison 
 
Analysis of a complete data set using feature tracking was quicker than by tagging (8.8 ± 4.7 
minutes vs. 15.4±4.9 minutes, p<0.05). The plots of Figure 3.1 show evidence of differences 
between the feature tracking and tagging methods of strain measurement, particularly for 
measurements of longitudinal and radial strain. Comparing the longitudinal measures of 
strain, about half of the points showed >25% differences of global values, greater 
deformation being associated with greater overestimation of the negative strain by feature 
tracking relative to tagging. Comparing radial measures of strain, more than half of the 
points showed between 50 and 100% differences, with all points except one showing 
overestimation of strain by feature tracking relative to tagging, and a trend suggestive of 
greater overestimation when there is greater strain.  
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Circumferential strain (left ); longitudinal strain; radial strain. The bias (blue solid line) and limits of agreement (blue dashed line) are shown. 
The oblique dashed lines demonstrate 25 (green), 50 (purple) and 100% (red) difference levels.
Figure 3.1: Modified Bland Altman plots showing agreement between feature tracking and CMR tagging for global strain parameters 
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Absolute values for tagging derived strain for each gender are presented in Table 3.5. The 
different patterns in regional strain between genders was similar to those described for 
feature tracking. However, absolute values of reported strain differed, in particular for radial 
strain in females. This is demonstrated in the Bland Altman analysis which is presented in 
Table 3.6 for both global and regional parameters. For global strain parameters the 
narrowest limits of agreement were seen for circumferential strain (-0.06 to 0.04) with wide 
limits of agreement for radial strain (-0.01 to 0.23). A similar pattern was seen when 
comparing strain rates estimated by feature tracking and those by tagging with the lowest 
bias and narrowest limits of agreement being seen with circumferential strain rate (-0.21s-1, 
-0.53 to 0.11) and the poorest agreement with radial strain rate (0.26s-1, -0.34 to 0.86). 
Larger biases and limits of agreement were seen when comparing feature tracking with 
tagging at a regional level compared with a global level although again, the agreement for 
radial strain was poorest. 
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 CMR FT CMR Tagging 
 Male (n = 54) Female (n = 62) P Value Male (n = 7) Female (n = 13) P Value 
Age (years) 27.46±5.06 26.59±4.64 0.29 26.76±1.53 27.57±1.51 0.35 
Systolic BP (mmHg) 115.61±10.61 112.96±10.74 0.24 110.31±5.87 116.42±12.67 0.35 
Diastolic BP (mmHg) 68.15±7.45 69.98±6.99 0.25 66.61±6.65 69.42±4.31 0.35 
BMI (Kg/m
2
) 23.99±3.06 23.11±4.03 0.02 23.89±3.20 21.26±2.11 0.06 
LV Mass Index (g/m
2
) 63.83±5.07 49.27±7.93 <0.001 57.45±9.16 42.34±5.99 0.002 
EF CMR (%) 63.88±5.07 64.35±5.23 0.62 63.76±4.56 65.42±4.57 0.28 
Longitudinal Strain  -0.17±0.04 -0.18±0.04 0.04 -0.14±0.01 -0.16±0.01 0.005 
Longitudinal Strain Rate (s
-1
) -0.98±0.28 -1.13±0.31 0.02 -0.69±0.66 -0.81±0.12 0.09 
Circumferential Strain  -0.20±0.02 -0.21±0.03 0.86 -0.19±0.02 -0.19±0.02 0.08 
Circumferential Strain Rate(s
-1
) -1.19±0.16 -1.16±0.15 0.31 -0.84±-0.10 -0.91±0.64 0.12 
Radial Strain  0.23±0.04 0.22±0.06 0.02 0.15±0.04 0.10±0.02 0.003 
Radial Strain Rate(s
-1
) 1.16±0.17 1.13±0.49 0.03 0.98±0.31 0.65±0.89 0.014 
Radial Velocity (cm/s) 2.60±0.29 2.29±0.28 <0.001    
Radial Displacement (mm) 5.24±0.60 4.76±0.69 <0.001    
Longitudinal Velocity (cm/s) 3.04±0.91 3.14±1.06 0.64    
Longitudinal Displacement (mm) 4.51±1.91 4.90±1.98 0.28    
Table 3.5: Deformation results from feature tracking and tagging according to gender. 
 
Data are presented as mean ± SD. Strain values represented as a fraction written in decimal form. 
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Table 3.6: Bland Altman analysis for comparison between CMR tagging and feature tracking 
 
 CMR Tagging vs. FT agreement 
  Global Basal Mid Apical 
Variable Bias LOA Bias LOA Bias LOA Bias LOA 
Longitudinal Strain  -0.01 -0.16 to 0.03 -0.06 -0.19 to 0.06 -0.05 -0.21 to 0.11 0.04 -0.12 to 0.20 
Longitudinal Strain Rate (s-1) -0.22 -0.82 to 0.37 0.01 -0.16 to 0.19 0.03 -0.05 to 0.12 -0.02 -0.12 to 0.07 
Radial Strain  0.11 -0.01 to 0.23 0.12 0.03 to 0.23 0.12 -0.05 to 0.30 0.08 -0.13 to 0.30 
Radial Strain Rate(s-1) 0.26 -0.34 to 0.86 0.20 -0.71 to 1.11 0.41 -0.32 to 1.16 0.17 -0.83 to 1.16 
Circumferential Strain -0.007 -0.06 to 0.04 -0.05 -0.14 to 0.04 0.02 -0.04 to 0.07 0.009  -0.05 to 0.07 
Circumferential Strain rate (s-1) -0.21 -0.53 to 0.11 -0.44 -1.09 to 0.21 -0.07 -0.42 to 0.27 -0.12 -0.50 to 0.25 
Strain values represented as a fraction in decimal form. 
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3.5  Discussion 
This study reports ranges for all LV myocardial systolic strain parameters as well as 
myocardial displacement and velocities using feature tracking down to a segmental level in a 
large group of healthy subjects. The study has identified both regional variation, with higher 
strain at the base than apex, as well as gender differences.  
The introduction of feature tracking software has allowed estimation of strain parameters 
directly from cine images. The ability to calculate myocardial segmental velocities and 
displacement in addition to strain parameters using the same software is more time 
efficient during both image acquisition and post processing. The technique avoids the 
additional time needed for either tissue phase mapping or tagging and raises the possibility 
of retrospective analysis of existing CMR datasets. We found the software could be easily 
applied to existing SSFP cine sequences and was able to analyse 90% of imaged segments. 
This compares favourably to echocardiographic studies of regional speckle tracking analysis 
in which strain typically can only be measured in around 80% of segments [44, 96-97]; 
presumably due to difficulties in obtaining adequate echocardiographic windows with 
poorer delineation of the endocardial and epicardial borders compared with CMR.  
Nevertheless, as others have reported [68, 70, 77], we found observer reproducibility to 
vary considerably between the three main deformation directions with global strain values 
acceptable for circumferential assessment (inter-observer CV 4.9% ) but poor for radial 
strain (CV 32.3%). There was also deterioration in reproducibility from a global to regional 
level with poor reproducibility for apical measures. This pattern is similar to that previously 
reported for reproducibility using the tagging technique in which CVs for circumferential 
strain range from 8.3% to 10.8% and for radial strain from 9.0% to 59.2% [98]. It has been 
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proposed that the poor reproducibility for radial parameters may be due to the geometry of 
the heart with analysis in a plane of movement with the smallest potential diameter for 
tracking. In addition, with tagging the tag lines may occasionally delete part of the 
endocardial contour thus potentially impacting on the estimation of radial movement 
between the endocardium to the epicardium. Our results suggest both tagging and feature 
tracking are similarly limited in the radial direction. This poor reproducibility may explain 
why we found significant variation in absolute deformation values recorded in the radial 
direction with tagging and feature tracking. This was particularly evident in females for 
whom mean radial strain by feature tracking was 0.22±0.06 compared to 0.10±0.02 by 
tagging. Alternatively, as there was a systematic bias, with larger values derived from 
feature tracking, this difference may be a real effect and relate to how strain is measured by 
the two techniques.  
Tagging measures myocardial strain from the changing in-plane separations of tags that 
mark the intersections of orthogonally orientated tagging planes.  They are therefore 
relatively unaffected by a through-plane component of motion. In contrast, feature tracking 
analyses motion in a 2D plane within a myocardial band defined by the endocardial border. 
The algorithms used by TomTec to track features are based on an adaptation of particle 
velocimetry algorithms in common use in multiple technologies including speckle tracking. 
They use voxel patterns within the image identified during initial contour application and 
subsequent searching between frames based on a hierarchical protocol that allows for 
reducing region of interest to improve accuracy, recognition of variation in motion between 
base and apex and rules regarding endocardial and epicardial boundaries [99]. Interestingly, 
the variation between feature tracking and tagging measures of longitudinal strain appears 
74 
 
to vary with magnitude of strain so that the difference in measures is greater with larger 
strain values.  
Changes in the voxel pattern during the cardiac cycle within the myocardium may have an 
impact on consistency of feature tracking and account for some variation in strain measures, 
particularly in the radial direction. For instance, it is possible the compaction and exclusion 
of blood from interstices in trabeculated myocardium at end systole may alter voxel 
appearances in this region sufficiently to make accurate tracking difficult. The higher degree 
of trabeculations seen at the LV apical level when compared with the basal level may 
account, in part, for the increased variability in measurements seen regionally.  
These significant differences in the approach of feature tracking prompted our study to 
define feature tracking-specific ranges for strain [68, 76, 94, 100]. Normal ranges of strain 
and velocities have already been described using various other imaging modalities including 
tagging [96-97, 101-103] and significant variations noted. In the future, development of 
standardised reference ranges may allow convergence of technologies and ranges. 
However, significant further work is needed including with feature tracking, for example, it 
is not known what effect contrast agents have on strain results and future validation of 
segmental strain values is necessary. 
Our results did find some consistent findings between techniques in our study population. 
For instance, deformation values varied between genders and myocardial regions when 
assessed by both feature tracking and tagging [104-105]. Multi-modality imaging studies  
describing normal strain values have tended to vary  in their findings with respect to 
differences between the base and apex [79] with some reports of lower strain values 
towards the apex [106]. However, the velocity values we obtained in this study are similar to 
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previous reports both in terms of normal ranges and the finding of a reduction of 
myocardial velocities at the apex compared to the LV base [107]. Circumferential measures, 
particularly at a global or mid-ventricular level were also strikingly reproducible and 
comparable between techniques within our study. Furthermore, at the mid-ventricular level 
the circumferential strain values reported in our study are very similar to those previously 
reported for feature tracking by Hor et al (0.18 ± 0.03 vs. 0.19 ± 0.02) [6] and Harrild et al 
(0.18 ± 0.03 vs. 0.21 ± 0.04) [83]. Indeed, it has been suggested, simple measures such as 
relative change of boundary length may be equally robust to characterise circumferential 
myocardial deformation [70]. 
We have recorded ranges for deformation parameters, as reported by feature tracking, 
from a global to segmental level in healthy volunteers and show the software can be used to 
rapidly extract these measures from existing SSFP cine images acquired in large numbers of 
subjects. We find ranges vary with gender and myocardial region and that the 
reproducibility of feature tracking measures, as well as agreement with tagging-derived 
indices, appears to be best for circumferential measures and poorest for radial strain. 
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Chapter 4:  Left Ventricular 
Myocardial Deformation Measures By 
Magnetic Resonance Feature 
Tracking:  Comparison With 2D And 
3D Echocardiography 
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4.1 Introduction 
 
Changes in myocardial strain have been proposed as sensitive markers of left [32] 
ventricular systolic dysfunction based on the observation that strain reduces early in disease 
pathogenesis [93] as well as being impaired in established coronary artery disease [36-37], 
valvular disorders [38, 92] and cardiomyopathies [39-40].  
Tissue Doppler imaging has been used to quantify myocardial deformation based on tissue 
velocities [6, 33] but has been superseded, first by 2D, and then 3D speckle tracking 
echocardiography, which quantify deformation by tracking changes in the myocardial 
ultrasound speckle pattern [41-42].  The speckles are tracked in multiple directions, which 
allow longitudinal, circumferential and radial strain to be measured. Strain quantification by 
CMR is also possible based on tracking of the deformation of magnetisation tag lines 
superimposed at end-diastole onto cine images [55-57]. More recently, software to track 
inherent myocardial features within standard cine sequences has become available (feature 
tracking) and, like 3D echocardiography, has been proposed to have advantages of simpler 
acquisition and quicker analysis. As a result of these developments in imaging and analysis a 
diverse range of strain parameters are now reported.  
The aims of this chapter are to: 
1. Compare the technical characteristics as well as operator variability of all the key 
technologies, including newer 3D echocardiography and feature tracking CMR 
techniques, for measurement of global parameters of left ventricular strain.  
78 
 
2. To identify specific parameters that appeared reproducible irrespective of technique 
and to demonstrate consistency of these measures both within and between 
modalities. 
4.2 Methods 
 
Twenty (mean age 29.1 ± 5.3 years) subjects without cardiovascular disease were recruited 
as described in chapter 2. Initially they all underwent the same standardised CMR protocol 
including acquisition of tagging sequences as described in sections 2.3.1 and 2.3.2. Within 
one month of the CMR they all underwent 2D and 3D echocardiography on both a Philips 
iE33 (Zoetermeer, The Netherlands and a Toshiba Artida 4D system echocardiography as 
described in 2.4.1. The study design is shown in figure 4.1. For each participant LV systolic 
strain parameters were derived using tagging and feature tracking cine analysis as described 
in Chapters 2.3.5 and 2.3.6. From the short-axis stack, peak systolic 2D circumferential and 
radial strains were derived. From the HLA view, 2D longitudinal LV strain was determined. 
The 2D echocardiograms were analysed for LV systolic strain measures using both vendor 
dependent software (QLAB 8.1 for images acquired using the Philips iE33 system and 
Toshiba WMT for images acquired using the Toshiba system) as well as vendor independent 
software (TomTec). The Toshiba 3D LV images were analysed to provide strain parameters 
again using its own vendor dependent software and also TomTec vendor independent 
software. As there is no vendor dependent 3D strain analysis package for the Philips iE33 
system, these images were analysed using the TomTec vendor independent software. 
Echocardiography image analysis techniques for 2D and 3D images are described in 
Chapters 2.4.2 and 2.4.3. 
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Figure 4.1:  Study design 
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4.3 Statistical analysis 
Summary variables for technical aspects of image acquisition, subject characteristics and 
strain in the 20 volunteers are presented as mean ± SD. Variable distribution was assessed 
using Kolomogrov Smirnov test. Normally distributed variables were compared by paired 
Student t test and non-normal variables by Wilcoxon test. Inter- and intra-observer 
agreement for different techniques was based on an experienced reader undertaking 
repeated strain analysis, blinded to the original results, in 7 of the participants. A second 
reader then also undertook the analysis on the same individuals. Data was reviewed based 
on the mean and confidence intervals of the intra-class correlation (ICC) and, specifically, 
the average correlation amongst all pairs for either the inter or intra-observer study [108]. 
An ICC value of 1 indicates perfect agreement and, for example, an ICC of 0.95 indicates the 
balance of the variance (1 – ICC = 5%) is attributable to error; in this study due to 
instrumentation or operator [109] For comparison purposes we classed ICC scores of <0.4 as 
poor reproducibility; 0.4-0.6 as low; 0.6-0.8 as moderate and >0.8 as good reproducibility. 
We then used Bland-Altman analysis [95] to compare levels of strain between and within 
modalities to identify parameters that were measured consistently between techniques. 
The calculated mean difference between two measurements was used to identify 
systematic bias and the consistency across measurement approaches reviewed by study of 
the limits of agreement, based on the 95% confidence intervals for the differences between 
the two measurement methods. All statistical analysis was performed using SPSS 18.0 
(Chicago, Illinois) and P < 0.05 was deemed statistically significant.  
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4.4 Results 
 4.4.1 Technical aspects of image acquisition and analysis  
No significant differences were seen in heart rates during acquisition of echocardiography 
and CMR images (Table 4.1). As expected, temporal resolution of 2D echocardiography 
(16.5±1.2ms for Philips; 15.5±1.3ms for Toshiba) was significantly better than for 3D 
(53.1±5.2ms for Philips; 55.4±3.2ms for Toshiba) and CMR (37.8±4.2ms); p < 0.05 for 
difference between 2D echocardiography and either 3D or CMR. However, time taken for 
post-processing 2D echocardiograms (15.5±1.3 minutes for QLAB 8.1; 13.2±2.2 minutes for 
Toshiba) was longer than for 3D (6.7±1.2 for Toshiba; 5.3±1.3 minutes for TomTec). 
Furthermore, vendor-independent software was quicker than software from the same 
vendor as the ultrasound machine for both 2D echocardiography (11.4 ± 2.2 minutes vs. 
15.5 ± 1.3 minutes or 13.1 ± 2.2 minutes) and for 3D (5.3 ± 1.3 minutes vs. 6.7 ±1.2 minutes).   
CMR analysis took a similar length of time to 3D echocardiography with feature tracking 
(4.5±1.9 minutes) but was quicker than tagging (7.8±7.6 minutes).   
 
 
  Philips 2D Toshiba 
2D 
Philips 3D Toshiba 
3D 
CMR 
Tagging 
CMR FT 
Heart rate (bpm) 63.2±12.1 60.8±12.1 59.6±11.6 59.1±11.8 62.1±8.8 63.6±6.1 
FPS or VPS 60.8±4.4 63.7±5.9 19.1±0.4 18.0±0.21 - - 
Temporal Resolution (ms) 16.5±1.2 15.9±1.6 53.1±5.2 55.4±3.2 37.8±4.2 39.6±6.1 
Image Analysis Time Vendor Dependent 
Software (min) 
15.5±1.3 13.1±2.2 - 6.7±1.2 - - 
Image Analysis Time Vendor Independent 
Software (min) 
11.4±2.2 5.3±1.3 7.8±7.6 4.5±1.9 
Data are presented as mean ± SD. 
Table 4.1: Image acquisition parameters. 
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Mean and standard deviation for levels of strain measured by different techniques in a 
healthy group of young males are reported in Table 4.2. 
 
Imaging/Analysis Combination LV Circ Strain LV Rad Strain LV Long Strain 
2DE Toshiba/Toshiba -19.0±2.6   37.8±16.0  -14.4±1.9 
2DE Philips/Philips  -18.9±2.6  29.1± 8.2  -16.5±2.5 
2DE Toshiba/TomTec  -20.6±2.4  29.5± 4.7   -17.3± 2.4 
2DE Philips/TomTec  -23.9±3.6   32.7±6.6  -18.2±1.8 
3DE Toshiba/Toshiba   -24.7±4.1  35.5±7.9  -15.8±2.1 
3DE Toshiba/TomTec -21.8±4.5 48.8±7.7 -15.9±2.1 
3DE Philips/TomTec   -21.3±3.7 48.0±5.9  -16.6±2.6 
CMR Tagging -20.6±2.0 27.3±4.6 -16.8±1.8 
CMR Feature Tracking -17.5±2.8 17.1±6.1 -15.9±2.3 
Data are presented as mean ± SD.  
 
 4.4.2 Inter- and intra-observer variability 
 
2D and 3D Echocardiography - For 2D speckle tracking, better inter and intraobserver 
agreement was seen for left ventricular longitudinal (best interobserver ICC 0.76 & 
intraobserver ICC 0.57) and circumferential strain (best interobserver ICC 0.62 & 
intraobserver ICC 0.76) than for radial strain (best interobserver ICC 0.47 & intraobserver 
ICC 0.44) (Figure 4.2, top row). The mean ICC for observer agreements was no better with 
3D echocardiography (Figure 4.2, bottom row). However, in general, the confidence 
intervals for the ICCs with 3D echocardiography were narrower than for 2D 
echocardiography consistent with less inter-individual variability. For example the narrowest 
95%CI for intraobserver ICC for 3D longitudinal strain was between 0 and 0.93 whereas for 
2D longitudinal strain it was between -0.49 and 0.8.  
Table 4.2: Mean and standard deviation of strain values (%) according to 
imaging modality and analysis approach. 
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Figure 4.2: Intra class correlation coefficients for 2D (top row) and 3D (bottom row) LV echocardiography inter and intra observer agreement. 
Levels for an ICC of 0 shown in purple line. Levels for moderate reliability (ICC 0.6) shown as solid black line; levels for good reliability (ICC >0.8) 
shown as dashed black line.  
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Figure 4.3: Intra class correlation coefficients for cardiovascular magnetic resonance inter and intra observer agreement. Levels for an ICC of 0 
shown in purple line. Levels for moderate reliability (ICC 0.6) shown as solid black line; levels for good reliability (ICC >0.8) shown as dashed 
black line. 
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Cardiovascular Magnetic Resonance- Tagging and feature tracking-derived strain had 
similar inter and intra-observer correlations for left ventricular longitudinal strain (ICC for 
tagging=0.66 and for feature tracking=0.68) (Figure 4.3) with no consistent association for 
either technique for radial strain (inter-observer ICC for tagging=0.45 and for feature 
tracking=-0.16).  Feature tracking tended to be more consistent than tagging for 
circumferential strain (feature tracking inter observer ICC=0.60 and tagging=0.47).  
Echocardiography v Cardiovascular Magnetic Resonance – Mean ICCs were similar 
between echocardiography and CMR for LV strain parameters. For example the best 
interobserver left ventricular longitudinal strain ICC for 2D echocardiography was 0.76; for 
3D echocardiography was 0.72; for CMR tagging was 0.66 and for CMR feature tracking was 
0.68. However, ICC confidence intervals with CMR were in general much narrower than for 
either 2D or 3D echocardiography (left ventricular longitudinal strain inter-observer ICC 
confidence interval for CMR was 0.24 to 0.89; for 2D echo was -0.1 to 0.91 and for 3D was    
-0.4 to 0.73). 
4.4.3 Inter- and intra-modality comparisons  
2D and 3D echocardiography – For 2D echocardiography, longitudinal strain showed in 
general the lowest biases and narrowest limits of agreement with comparable results for 
circumferential but very wide bias and agreement for radial strain (Table 4.3 top section). 
For example in the comparison between Philips/Philips and Philips/TomTec the bias (LOA) 
for longitudinal strain was 0.8% (-3.7% to 5.2%) and for circumferential strain was -1.7% (-
6.8% to 3.5%), whereas for radial strain was -3.2% (-17.5% to 11.1%). Of note, levels of 
strain were systematically 2-3% higher with vendor independent software compared to 
vendor-dependent analysis (Table 4.1).  
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For 3D echocardiography the poorest agreement irrespective of image acquisition method 
or analysis technique was also for radial strain (Toshiba/Toshiba vs. Toshiba/TomTec 
demonstrated bias/LOA of 13.4%/ -10.5% to 1 6.3%). Again, agreement for longitudinal and 
circumferential strain was better than that for radial strain (Table 4.3, middle section).  
When 2D echocardiography was compared to 3D echocardiography (Table 4. 3, bottom 
section), longitudinal strain comparison showed the best agreement both in terms of 
smallest bias and narrowest limits of agreement and radial strain the worst. For example, 2D 
Philips/TomTec vs. 3D Philips/TomTec showed bias (LOA) of 0.1% (-3.8% to 7.0%) for 
longitudinal strain whilst radial showed bias (LOA) of 15.3% (-0.7 to 31.3%).  
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Imaging / Analysis 
Combination 
LV Circumferential Strain (%) LV Radial Strain (%)  LV Longitudinal Strain (%) 
  Bias(CI) LOA Bias(CI) LOA Bias(CI) LOA 
2
D
 E
ch
o
 
Philips/Philips vs. 
Toshiba/Toshiba 
-0.2 
-7.6 to 7.5 
8.6 
-21.6 to 38.9 
2.1 
-4.2 to 8.2 (-1.9 to 1.7) (1.6 to 15.7) (0.6 to 3.5) 
Toshiba/Toshiba vs. 
Toshiba/TomTec 
-1.6 
-8.9 to 5.8 
-8.3 
-39.9 to 23.3 
-2.9 
-8.4 to 2.6 (-3.3 to 0.2) (-15.9 to -0.7) (-4.2 to -1.6) 
Philips/Philips vs. 
Philips/TomTec 
-1.7 
-6.8 to 3.5 
-3.2 
-17.5 to 11.1 
0.8 
-3.7 to 5.2 (-2.8 to -0.5) (-6.6 to -0.2) (-0.1 to 1.8) 
Philips/TomTec vs. 
Toshiba/TomTec 
4.9 
-2.4 to 12.2 
5.1 
-24.3 to 34.5 
3.8 
-0.4 to 7.9 (3.1 to 6.6) (-1.5 to 11.7) (2.8 to 4.8) 
Philips/Tomtec vs. 
Toshiba/Toshiba 
-5 
-12.6 to 2.7 
3.6 
-17.5 to 24.7 
-1.6 
-6.3 to 2.9 (-6.8 to 3.1) (-1.3 to -8.5) (-2.7 to -0.6) 
3
D
 E
ch
o
 
Toshiba/Toshiba vs. 
Toshiba/TomTec 
2.9 
-6.0 to 11.9 
13.4 
0.9 to 25.8 
-0.1 
-6.8 to 6.6 (0.8 to 5.0) (10.5 to 16.3) (-1.6 to 1.5) 
Philips/Tomtec vs. 
Toshiba/Toshiba 
-3.4 
-12.8 to 6.0 
-12.5 
-27.6 to 2.6 
0.7 
-5.6 to 6.9 (-5.5 to -1.1) (-16.1 to -8.9) (-0.8 to 2.2) 
Philips/TomTec vs. 
Toshiba/TomTec 
-0.44 
-9.8 to 8.9 
0.8 
-12.8 to 14.4 
0.7 
-5.7 to 7.1 (-2.6 to 1.7) (-2.5 to  4.2) (-0.8 to 2.2) 
2
D
 E
ch
o
 v
s.
 3
D
 E
ch
o
 
2D Toshiba/Toshiba vs.     
3D Toshiba/Toshiba 
-5.6 
-14.0 to 2.7 
-2.3 
-29.7 to 25.0 
-1.4 
-5.8  to 3.0 (-7.6 to -3.7) (-8.6 to 4.0) (-2.4 to -0.3) 
2D Toshiba/TomTec vs.    
3D Toshiba/TomTec 
-1.1 
-10.5 to 8.2 
19.3 
4.9 to 33.7 
1.4 
-4.9 to 7.7 (-3.3 to 0.9) (16.0  to 22.6) (0.0 to 3.0) 
2D Philips/TomTec vs.      
3D Philips TomTec 
2.5 
-6.3 to 11.3 
15.3(11.4 to 
19.1) -0.7 to 31.3 
-0.1 
-3.8 to 7.0 (0.5 to 4.6) (0.3 to 2.9) 
 Table 4.3: Two and Three Dimensional Echocardiographic agreement 
 
 
 Table 4.3: Two and Three Dimensional Echocardiographic agreement 
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Cardiovascular Magnetic Resonance: Tagging vs. Feature Tracking– As with 
echocardiographic comparisons, the bias (LOA) for longitudinal strain were the best 0.9%    
(-2.2% to 4.0%) with acceptable levels for circumferential strain 3.3% (-1.1% to 7.6%) and 
very wide bias and limits of agreement for radial strain -10.4% (-14.4% to -6.4%), Table 6.4 
top row. Of note, longitudinal and circumferential strain values obtained by feature tracking 
were lower than those obtained by tagging by around 1% for longitudinal strain and 3% for 
circumferential (Table 4.1). 
Cardiovascular magnetic resonance vs. echocardiography - Irrespective of 2D or 3D 
echocardiographic combination, both longitudinal and circumferential strain showed better 
agreement with CMR (by both tagging and feature tracking) than radial strain (Table 4.4 and 
Figure 4.4).  
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 Imaging / 
Analysis 
Combination 
 LV Circumferential 
Strain 
LV Radial Strain  LV Longitudinal 
Strain 
  Bias (CI) LOA Bias(CI) LOA Bias(CI) LOA 
T
ag
g
in
g
 
v
s.
 F
T
 CMR Tagging 
vs. CMR FT 
3.3 
(2.2 to 
4.3) 
-1.1 to 
7.6 
-10.4      
(-14.4 to         
-6.4) 
-26.6 to 
5.8 
0.9 
(0.2 to 
1.7 ) 
-2.2 to 
4.0 
2
D
 E
ch
o
 v
s.
 C
M
R
 T
ag
g
in
g
 
Toshiba/Toshi
ba vs. CMR 
Tagging  
-1.6 
(-3.4 to 
0.3) 
-9.5 to 
6.3 
-10.5 
 (-16.5 to       
-4.4) 
-35.7 to 
14.8 
-2.4 
(-4.2 to 
3.1) 
2.1 to    
-4 
Philips/Philips 
vs. CMR 
Tagging 
-1.7 
(-2.9 to       
-0.4) 
-6.9 to 
3.6 
-1.8 
(-5.7 to 
2.1) 
-18.1 to 
14.5 
-0.3 
(-1.6 to 
0.9) 
-5.5 to 
4.7 
Toshiba/TomT
ec vs. CMR 
Tagging 
0.01 
(-1.0 to 
1.0) 
-4.4 to 
4.4 
-2 
(-4.7 to 
0.7) 
-13.8 to 
9.8 
 0.4 
( -0.8 to 
1.7) 
 -5.2 to 
6.1 
Philips/TomTe
c vs. CMR 
Tagging 
3.2 
(1.5 to 
4.9) 
-4.1 to 
10.6 
-5.7 
(-8.6 to      
-2.7) 
-18.6 to 
7.2 
 1.4 
(-0.5 to 
6.3)  
-2.9 to 
5.9 
3
D
 E
ch
o
 v
s.
 C
M
R
 T
ag
g
in
g
 Toshiba/Toshi
ba vs. CMR 
Tagging  
4.1 
(2.5 to 
5.9) 
-3.1 to 
11.3 
-8.2 
(-11.9 to     
-4.5) 
-23.7 to 
7.3 
-1.0 
(-2.5 to 
0.5) 
-7.0 to 
5.1 
Toshiba/TomT
ec vs. CMR 
Tagging 
1.2 
(-1.1 to 
3.5) 
-8.5 to 
10.9 
-21.6 
 (-25.7 to       
-17.4) 
-38.9 to     
-4.1 
-0.9 
(-1.9  to   
-0.0) 
-5.0 to 
3.1 
Philips/TomTe
c vs. CMR 
Tagging 
0.7 
(-0.9 to 
2.4) 
-6.1 to 
7.6 
-20.7 
 (-24.5 to    
-16.9) 
-37.0 to     
-4.7 
-0.3 
(-1.5 to 
1.1) 
-5.7 to 
5.2 
2
D
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s.
 C
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R
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T
 
Toshiba/Toshi
ba vs. CMR 
FT 
1.3 
(-0.9 to 
3.5) 
-8.2 to 
10.8 
-20.8 
 (-29.5 to 
10.1) 
-57.3 to 
15.6 
-1.4 
(-2.9 to 
0.1) 
-8.0 to 
5.2 
Philips/Philips 
vs. CMR FT 
1.4 
(0 to 2.8) 
-4.6 to 
7.4 
-10.9 
 (-14.4 to 
7.4) 
-25.6 to 
3.8 
0.5 
(-0.9 to 
1.9) 
-5.5 to 
6.6 
Toshiba/TomT
ec vs. CMR 
FT 
3.1 
(1.7 to 
4.5) 
-2.8 to    
-9.0 
-11.6 
 (-15.4 to 
7.9) 
-27.3 to 
4.1 
1.4 
(-0.2 to 
2.9) 
-5.3 to 
8.0 
Philips/TomTe
c vs. CMR FT 
6.1 
(4.2 to 
7.9) 
-2.2 to 
14.3 
-14.8 
 (-19.4 to 
10.3) 
-33.8 to 
4.2 
2.3 
(1.1 to 
3.5) 
-2.9 to 
7.6 
3
D
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o
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s.
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R
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T
 Toshiba/Toshi
ba vs. CMR 
FT 
6.9 
(4.5 to 
9.4) 
-3.6 to 
17.6 
-18.6 
 (-23.8 to 
13.3) 
-39.3 to 
2.2 
-0.3 
(-1.9 to 
1.4) 
-6.9 to 
6.4 
Toshiba/TomT
ec vs. CMR 
FT 
4.5 
(2.2 to 
6.8) 
-4.7 to 
13.8 
-32.2 
 (-36.4 to       
-27.9) 
-48.7 to     
-15.5 
0.1 
(-1.0 to 
1.2) 
-4.3 to 
4.4 
Philips/TomTe
c vs. CMR FT 
3.8 
(2.2 to 
5.5) 
-2.9 to 
10.5 
-30.8 
 (-35.5 to 
26.3) 
-49.0 to      
-2.6 
0.8 
(-0.9 to 
2.5) 
-6.1 to 
7.7 
 
Table 4.4: Cardiac magnetic resonance strain measurements agreement 
with echocardiography 
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Figure 4.4: Bland Altman Graphs showing agreement between CMR feature tracking and 2D echocardiography for the measured strain 
parameters demonstrating bias (solid dark blue line); 95% CI for bias (dotted dark blue line) and 95% limits of agreement (dashed light blue 
line). Top: LV strain – longitudinal, circumferential and radial strain. 
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4.5 Discussion 
This study demonstrates that, of the different strain parameters, left ventricular longitudinal 
and circumferential strain tend to have the smallest bias, narrowest limits of agreement and 
lowest observer variability irrespective of modality, whereas, radial strain is inconsistently 
measured. Of interest, the newer techniques of 3D echocardiography and feature tracking 
provided comparable results to established 2D echocardiography and CMR tagging, while 
tending to have narrower observer variability confidence intervals and shorter analysis time. 
Some systematic differences in reported levels of strain between approaches were found, 
particularly with regard to the use of vendor-dependent or independent software in 
echocardiography and between tagging and feature tracking CMR analysis.  
Although longitudinal and circumferential left ventricular strain tended to show better 
agreement than radial strain irrespective of modality, the observer variability for these 
parameters remained modest, and for some specific imaging and analysis combinations was 
poor, consistent with previous findings [45, 110].  Technical differences in image acquisition 
or analysis approach, such as variation in image quality over the cardiac cycle or strain 
computation method, may affect repeated assessment of images by different observers 
[45]. Some of the variation between different modalities or analysis approaches could also 
relate to these technical differences. For example feature tracking follows voxels of the cine 
image whereas tagging follows a tagging overlay, which fades during the cardiac cycle. 
Differences in temporal resolution between 2D and 3D echocardiography as well as tagged 
and SSFP cine images will also influence strain measures. Furthermore, although optimal 
image planes were acquired, it is impossible to match them exactly between different scans. 
With 3D echocardiography this is less important as speckles are tracking in multiple 
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directions but for 2D echocardiography and cardiovascular magnetic resonance through 
plane movement of speckles or features makes them difficult to track. Our findings are 
consistent with the concept that pooled data acquired by different scanners or analysed 
with different software will be inherently variable, which may explain variation in previously 
postulated normal speckle tracking ranges [32, 96, 111-112]. This is exemplified by the 
differences in strain ranges related to analysis approach that we report in a healthy group of 
males. In multi-centre studies a standardisation in analysis techniques remains important 
and even greater standardisation will be required for clinical application within individual 
patients [97]. 
In summary, our results show that, levels of left ventricular longitudinal and circumferential 
strain are the most consistently measured strain parameters between modalities. This is 
likely to be explained in part by the fact that, although there was some within modality 
variation, these were the most reproducible measures in inter- and intra-observer 
comparisons. There were some systematic biases in normal ranges with certain imaging and 
analysis combinations, so for pooled or serial scans it is important the same scanner settings 
and consistent analysis software are used. Interestingly, the newer technologies of 3D 
speckle tracking echocardiography and cardiovascular magnetic resonance feature tracking 
appear to have introduced powerful additional tools for research studies. Both techniques 
were able to produce comparable results to established 2D echocardiography and tagging 
technologies with advantages of speed of application and analysis. 
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Chapter 5:  Right Ventricular 
Myocardial Deformation Measures By 
Magnetic Resonance Feature 
Tracking: Comparison with 
Echocardiography 
 
 
 
 
94 
 
5.1 Introduction 
Right ventricular function is an important determinant of outcome in different 
cardiovascular and pulmonary diseases. It is generally accepted that the assessment of RV 
systolic function can be challenging given the complex anatomy of the RV and currently 
echocardiography and CMR are the two imaging modalities most commonly used to 
visualize the RV allowing an assessment of function. As described earlier, myocardial strain 
has been shown to allow evaluation of LV systolic function and more recently has also been 
proposed as a sensitive marker of right ventricular systolic function in studies using both 
echocardiography [48-49, 52, 113-114] and using cardiac magnetic resonance [115-116].  
The complex geometry of the RV in addition to the thinness of the RV free wall has meant 
that the measurement of myocardial RV strain has been limited to the longitudinal plane 
and to 2 dimensional imaging for both echocardiography and CMR. 
We have shown earlier in Chapter 4 that variation in LV systolic strain assessment exists 
dependent on whether vendor dependent or independent software is used for 
echocardiography strain analysis.  
The aims of this chapter were: 
1. To compare the assessment of RV free wall longitudinal strain using 
echocardiography and CMR.  
2. To identify whether RV longitudinal strain is reproducible irrespective of technique 
used. 
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3. To demonstrate consistency of RV longitudinal strain both within and between 
modalities. 
5.2 Methods 
The CMR and 2D echocardiography acquisitions described in chapter 2 were used to derive 
RV free wall longitudinal strain. As in chapter 4, all CMR and echocardiography images were 
obtained within a one month period and again 2D echocardiography was performed using 
both a Philips iE33 (Zoetermeer, The Netherlands) and a Toshiba Artida 4D system. These 
acquisitions allowed RV free wall longitudinal systolic strain to be derived using tagging and 
feature tracking cine analysis as described in Chapters 2.3.5 and 2.3.6. Again, the 2D 
echocardiograms were analysed to provide RV free wall longitudinal systolic strain measures 
using both vendor dependent software (QLAB 8.1 for images acquired using the Philips iE33 
system and Toshiba WMT for images acquired using the Toshiba system) as well as vendor 
independent software (TomTec). 
 
 
 
 
 
 
 
 
Figure 5.1: RV strain analysis by echocardiography and CMR feature tracking. 
Top row echocardiography: RV 4 chamber view with tagging overlay applied and systolic 
strain analysis; bottom row CMR: HLA view allowing contouring of the RV using feature 
tracking and subsequent systolic strain analysis of the RV free wall (bottom right). 
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5.3 Statistical analysis 
The statistical methods used were the same as described in section 4.3. 
5.4 Results 
 5.4.1 Technical aspects of image acquisition and analysis  
Mean and standard deviation for levels of RV free wall strain measured by different 
techniques in a healthy group of young males (n=20) are reported in Table 5.1. No 
significant differences were seen in heart rates during acquisition of echocardiography and 
CMR images (Chapter 4, Table 4.1). As expected, temporal resolution of 2D 
echocardiography (16.5±1.2ms for Philips; 15.5±1.3ms for Toshiba) was significantly better 
than for CMR (37.8±4.2ms); p < 0.05 for difference between 2D echocardiography and CMR. 
Table 5.1: Mean and standard deviation of strain values according to imaging modality and 
analysis approach. 
 
 
 
 
 
  
  
Imaging/Analysis Combination RV Long Strain 
2DE Toshiba/Toshiba  -19.9±2.6 
2DE Philips/Philips  -21.1±2.6 
2DE Toshiba/TomTec -22.0 ±3.3  
2DE Philips/TomTec -23.1±3.5 
CMR Tagging -17.5±3.1 
CMR Feature Tracking -19.8±2.4 
Data are presented as mean ± SD 
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5.4.2 Inter- and intra-observer variability 
2D Echocardiography - The mean inter- and intra-observer ICC range for right ventricular 
longitudinal strain were 0.18-0.76 and 0.34-0.70 respectively and the inter observer 
variability seen was generally poorer when compared with the observer variability seen for 
the measurement of LV longitudinal strain in Chapter 4.  
Cardiovascular Magnetic Resonance- For right ventricular strain analysis, the mean inter 
and intra observer variability ICC was comparable with left ventricular longitudinal measures 
and comparable for both CMR approaches (inter observer ICC for RV tagging=0.58; LV 
tagging=0.66; RV feature tracking=0.64; LV feature tracking=0.68). However, the confidence 
intervals were broader for tagging than feature tracking (tagging=-0.25 to 0.92; feature 
tracking=0.2 to 0.74), Figure 7.2.   
 
 
 
 
 
 
 
 
 
Figure 5.2: Intra class correlation coefficients for RV longitudinal strain assessment. Levels 
for an ICC of 0 shown in purple line. Levels for moderate reliability (ICC 0.6) shown as solid 
black line; levels for good reliability (ICC >0.8) shown as dashed black line.  
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 5.4.3 Inter- and intra-modality comparisons  
2D echocardiography –The biases seen for the various echocardiographic and analysis 
software combinations were similar to those demonstrated for 2D longitudinal left 
ventricular strain although the LOA were wider (Table 5.2). For example the comparison 
between Philips/Philips and Philips/TomTec showed bias (LOA) for LV longitudinal strain of 
0.8% (-3.7% to 5.2%) and for RV 1.0% (-6.9% to 8.9%). 
Table 5.2: Two dimensional echocardiographic agreement 
 
 
 
 
 
 
 
 
 
 
 
Cardiovascular Magnetic Resonance: Tagging vs. Feature Tracking–For right ventricular 
longitudinal strain the bias was acceptable but the limits of agreement wider -2.3% (-8.3% to 
3.8%) than for left ventricular measures 0.9% (-2.2% to 4.0%). 
  Imaging / Analysis 
Combination 
RV Longitudinal Strain 
Bias (CI) LOA 
2
D
 E
ch
o
 
Philips/Philips vs. 
Toshiba/Toshiba 
1.1          -4.9 to 7.2 
(-0.3 to 2.6) 
Toshiba/Toshiba vs. 
Toshiba/TomTec 
-2.0         -10.5 to 6.4 
(-4.0 to       -
0.1) 
Philips/Philips vs. 
Philips/TomTec 
1.0 -6.9 to 8.9 
(-0.8 to 2.9) 
Philips/TomTec vs. 
Toshiba/TomTec 
3 -6.2 to 12.2 
(0.9 to 5.2) 
Philips/Tomtec vs. 
Toshiba/Toshiba 
 -1.9 -9.5 to 5.7 
(-1.9 to       -
3.7) 
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Cardiovascular magnetic resonance vs. echocardiography - Right ventricular longitudinal 
strain measured by tagging, but not for feature tracking, was consistently up to 5% lower 
than when measured by 2D echocardiography (Table 5.1). Assessment of RV strain by 
tagging also had wider limits of agreement with echocardiography than the comparison of 
echocardiography with feature tracking. For example the bias (LOA) when comparing 
Toshiba/Toshiba echo analysis with CMR tagging were 4.5% (-3.0% to 12.0%) and this 
narrowed with feature tracking to 1.7% (-4.9% to 8.4%), Table 5.3.   
 
Table 5.3: Cardiac magnetic resonance strain measurements agreement with 
echocardiography  
  Imaging / Analysis Combination RV Longitudinal Strain 
Bias(CI) LOA 
T
ag
g
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g
 
v
s.
 F
T
 CMR Tagging vs. CMR FT -2.3 -8.3 to 3.8 
(-3.8 to    -0.8) 
2
D
 E
ch
o
 v
s.
 C
M
R
 T
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g
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Toshiba/Toshiba vs. CMR Tagging  2.4 -4.6 to 9.5 
(0.7 to 4.2) 
Philips/Philips vs. CMR Tagging 3.6 -2.2 to 9.4 
(2.2 to 5.1) 
Toshiba/TomTec vs. CMR 
Tagging 
4.5 -3.0 to 12 
(2.7 to 6.4) 
Philips/TomTec vs. CMR Tagging 5.6 -1.9 to 13.2 
(3.7 to 7.5) 
2
D
 E
ch
o
 v
s.
 C
M
R
 F
T
 Toshiba/Toshiba vs. CMR FT 0.1 -6.6 to 6.4 
(-1.7 to 1.5) 
Philips/Philips vs. CMR FT 1.5 -5.2 to 8.2 
(-0.2 to 3.1) 
Toshiba/TomTec vs. CMR FT 1.7 -4.9 to 8.4 
(0.1 to 3.3) 
Philips/TomTec vs. CMR FT 3.3 -5.7 to 12.3 
(1.1 to 5.5) 
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5.5 Discussion 
Right ventricular strain assessment by cardiovascular magnetic resonance has previously 
relied on tagging sequences of the RV [57]. As the RV is thin walled the size of these tags 
and ability to track them has been limited. The recent introduction of ‘feature tracking’ 
allows myocardial deformation parameters to be assessed directly from steady state free 
precession cine CMR images. We demonstrate generally narrower confidence intervals for 
feature tracking observer variability compared to tagging. There was also an acceptable bias 
for right ventricular assessment compared to 2D echocardiography, which has previously 
been shown to correlate significantly with right ventricular ejection fraction estimated by 
cardiovascular magnetic resonance [14, 117]. Further improvements in right ventricular 
strain measurement approaches for both echocardiography and CMR should be possible. 
There is no dedicated right ventricular overlay and the left ventricular overlay is currently 
adapted to best fit the right ventricle. The right ventricle also has a heavily trabeculated 
apex and a variable mechanical contribution from the septum. Therefore, better strain 
algorithms to account for these variations may be possible. 
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Chapter 6: Assessment Of Diastolic 
Function By Magnetic Resonance 
Feature Tracking: Comparison With 
Echocardiography 
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6.1 Introduction 
 
The diagnosis of ‘diastolic heart failure’ or ‘heart failure with a preserved ejection fraction’ 
accounts for around 50% of patients assessed with a new diagnosis of heart failure [20].  
Given that diastolic dysfunction is an independent predictor of mortality [21, 118-119], the 
assessment of diastolic function has become an integral part of the standard 
echocardiographic examination. Echocardiography is widely regarded as the gold standard 
technique for the non invasive assessment of diastolic function having been shown to 
correlate significantly with invasive parameters of left ventricular diastolic function [23, 120-
121]. 
LV diastolic function assessment is not routinely evaluated by CMR in clinical practice 
particularly as some of the measures used (e.g. phase contrast techniques for the 
quantification of intra cardiac blood flow) can be time consuming both in terms of 
acquisition and post processing [122]. In addition, the assessment of diastolic function by 
‘tagging’ techniques can be difficult as the tagging overlay fades throughout the cardiac 
cycle.  
Feature tracking has been used to quantify left ventricular systolic strain in a number of 
studies [68, 76, 94, 123].  The aims of this chapter were: 
1. To assess which parameters by CMR feature tracking have the best sensitivity and 
specificity to identify diastolic dysfunction. 
2. To assess the observer variability of the different diastolic parameters obtained by 
feature tracking.  
3. To identify normal diastolic feature tracking parameters according to age. 
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6.2 Methods 
Volunteers were recruited as described in chapter 2. These comprised control subjects 
(n=166) with no history of cardiovascular disease and 30 participants with moderate-severe 
aortic stenosis, normal left ventricular ejection fraction and known echocardiographic 
diastolic dysfunction.  All participants underwent the same standardised CMR scan (Chapter 
2.3.1). All subjects underwent anthropometric measurements (height and weight) and blood 
pressure measurement recording at the time of CMR. The CMR images were analysed to 
identify LV mass, volumes and ejection fraction as described in chapter 2.3.3. Feature 
tracking analysis (as described in chapter 2.3.5) was used to identify diastolic deformation 
parameters. Using the short-axis stack basal, mid and apical levels, circumferential and 
radial strain parameters as well as torsion were derived. From the HLA view, longitudinal LV 
diastolic strain parameters were determined. In 10 subjects feature tracking analysis was  
repeated after an interval of 4 weeks by both the initial observer and a second experienced 
observer to assess inter and intra-observer agreement for measures. 
60 subjects underwent echocardiography (30 participants with diastolic dysfunction and 30 
age matched normal controls) to allow assessment and grading of diastolic function (see 
chapter 2.4.3). 
6.2.1 Study design 
The study was designed to identify which diastolic cine CMR parameters as identified by 
feature tracking best detect diastolic dysfunction, their observer variability and normal 
ranges: 
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 Part 1: Identification of feature tracking parameters. 60 of the group participants (30 
normal diastolic function and 30 diastolic dysfunction) were identified. The diastolic 
dysfunction was graded according to severity using recent guidelines [23]: Grade I 
(n=13); Grade II (n=14); Grade III (n=12). The specificity and sensitivity of the feature 
tracking parameters to identify diastolic dysfunction was calculated. 
 Part 2: Observer reproducibility. Inter and intra observer reproducibility was 
estimated for the feature tracking parameters which had been identified as having 
the best sensitivity and specificity for detecting diastolic dysfunction. The different 
observer reading was carried out one month after the initial analysis. 
 Part 3: Identification of feature tracking normal values. From the group data, 
comparisons between feature tracking parameters from those with diastolic 
dysfunction and normal diastolic function were made and normal ranges were 
identified. 
 
6.3 Statistical analysis 
Summary variables for subject characteristics and ranges of results are presented as mean ± 
SD for continuous variables. Variables were assessed for a normal distribution using the 
Kolomogrov Smirnov test. Receiver-operating characteristics curves (ROC) were analysed 
and the area under the curve was calculated to estimate the ability of the feature tracking 
parameters to detect diastolic dysfunction and the respective sensitivity and specificity of 
these feature tracking parameters.  Pearson’s correlation coefficient was used for normally 
distributed data and Spearman for non-normally distributed data to compare feature 
tracking parameters with echocardiography.  Variables with normal distribution were 
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compared using the paired Student t test and variables with non normal distribution were 
compared using the Wilcoxon test. Observer agreement for feature tracking (10 subjects) 
was assessed using Bland Altman [95] analysis and by the intra class correlation coefficient 
(ICC) [108], as described in section 4.3. An ICC value of 1 indicates perfect agreement and, 
for example, an ICC of 0.95 indicates the balance of the variance (1 – ICC = 5%) is 
attributable to error; in this study due to instrumentation or operator [109].  
6.4 Results 
6.4.1 Clinical characteristics and baseline CMR / 
echocardiography assessment  
Table 6.1 shows the clinical characteristics and the baseline CMR (volumetric, mass and 
ejection fraction) and echocardiographic assessment of diastolic function. LV mass was 
significantly greater in the group with diastolic dysfunction when compared to the age 
matched controls (164.9g±39.8g vs. 101.7g±32.2g, p<0.0005).  No significant differences 
were seen between the age matched control group and the diastolic dysfunction group for 
blood pressure, end diastolic volume, end systolic volume or ejection fraction. The 
echocardiographic parameters for the group with diastolic dysfunction was significantly 
greater than age matched controls for deceleration time and both septum and lateral E/e’ 
values (p<0.0005 for all).   
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Table 6.1: Baseline characteristics, CMR results and echocardiographic analysis of controls, 
diastolic dysfunction &age matched controls. 
    Normal Diastolic Function Diastolic Dysfunction Age matched controls P Value 
Total  166 30 30  
Male  46 23 11  
Female  96 7 19  
Age (years) 20-39 111 2 2  
 40-59 38 7 10  
 ≥ 60 17 21 18  
Mean age (years)  35±9 61±14 56±11  
SBP (mmHg)  119±14 128±16 132±16  
DBP (mmHg)  71±9 76±6 79±9  
EF CMR (%)  64.73±8.32 70.3±8.4 69.6±9.6  
EDV CMR (mL)  141±32 148±34 148.0±31.1  
ESV CMR (mL)  46±13 47±25 36.28±13.1  
LVM CMR (g)  99.2 ± 29.0  164.9±39.8 101.7±32.2 <0.001 
E (cm/s)   50.8±17.5 63.9±12.7 0.001 
A (cm/s)   79.0±25.0 53.0±14.9 <0.001 
DT (ms)   230.0±64.0 190.3±44.8 <0.001 
E/A   1.08±0.36 1.17±0.23 0.26 
TDI lateral e’ (cm/s)   9.39±2.9 13.2±3.7 <0.001 
TDI septal e’ (cm/s)   5.96±1.09 9.05±2.49 <0.001 
E/e’ septum   13.68±3.85 7.48±1.68 <0.001 
E/e’ lateral wall   9.05±3.09 5.23±1.54 <0.001 
LA volume (ml/m
2
)   41.5±16.0 32.2±7.53 0.03 
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Diastolic FT Parameter Cut Off Value For 
Detecting Diastolic 
Dysfunction 
AUC Sensitivity Specificity P Value For 
AUC 
Global radial early:late 
velocity 
2.70 0.77 67 81 <0.001 
Basal radial early:late 
velocity 
2.29 0.84 72 90 <0.001 
Mid radial early:late 
velocity 
3.11 0.74 75 66 <0.001 
Apical radial early:late 
velocity 
2.75 0.75 68 80 <0.001 
Basal radial strain 
Rate 
-1.11 0.68 68 70 0.001 
Basal longitudinal 
strain rate (s-1) 
0.9 0.62 59 70 0.04 
Apical longitudinal 
strain rate (s-1)  
1.12 0.71 77 57 <0.001 
Basal circumferential 
strain rate (s-1) 
1.76 0.65 79 52 0.01 
Mid circumferential 
strain rate (s-1) 
1.04 0.61 84 40 0.05 
Apical circumferential 
strain rate (s-1) 
1.52 0.64 59 65 0.01 
Table 6.2: Cut off values, sensitivity, specificity and area under the curve approximations 
for the ability of feature tracking parameters to predict diastolic parameters. 
 
Table 6.2: Cut off values, sensitivity, specificity and area under the curve approximations 
for the ability of feature tracking parameters to predict diastolic param 
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6.4.2 Receiver operator characteristics of feature tracking 
parameters to predict diastolic dysfunction  
 
The area under the ROC curve was statistically significant in 10 of the measured diastolic 
feature tracking parameters.  
The cut off values together with the respective sensitivity, specificity, AUC and ROC curves 
of these parameters are shown in Table 6.2 and Figure 6.1.  The sensitivity/ specificity for 
detecting diastolic dysfunction for individual radial parameters was 67-75%/ 66-90%; for 
longitudinal markers was 59-77% /57-70% and for circumferential markers was 77-84%/ 40-
57% . Using a combination of parameters of basal, mid, apical and global radial early: late 
velocities improved the sensitivity/specificity further to 76%/87%. This was further 
improved when these radial parameters were used in combination with the longitudinal 
parameters (basal and apical strain rate), see Table 6.3. 
Parameter AUC Sensitivity Specificity P Value For AUC 
Mid Radial Early :Late velocity 0.74 75 66 <0.001 
Apical Radial Early :Late velocity 0.75 68 80 <0.001 
Global Radial Early :Late velocity 0.77 67 81 <0.001 
Basal Radial Early :Late velocity 0.84 72 90 <0.001 
Combined Radial Early :Late velocity 0.89 76 87 <0.001 
Combined Radial and Longitudinal 
Parameters 
0.89 76 90 0.02 
Table 6.3: Area under the curve, sensitivity and specificity for individual and combined radial 
parameters. 
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When using a combination of basal and apical longitudinal diastolic strain rate the 
sensitivity/specificity for detecting diastolic dysfunction was 56%/82%. The sensitivity/ 
specificity when combining basal, mid and apical circumferential diastolic strain rate was 
40%/ 85%.  
Of the 10 feature tracking parameters identified above, the ROC characteristics were 
studied to see whether these parameters were able to distinguish between grades of 
severity of diastolic dysfunction. Of the 10 parameters seen which were able to predict 
diastolic dysfunction, none were able to produce cut off values or significant AUC from ROC 
curves to differentiate between grades of diastolic dysfunction. 
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Figure 6.1: Receiver operator characteristic curves for the ability of diastolic feature tracking parameters to detect diastolic dysfunction. Top 
row: Radial early: late velocity; Bottom row: longitudinal strain rate
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6.4.3 Feature tracking variables observer variability  
The Bland Altman analysis and ICCs for inter and intra observer reproducibility are shown in 
Table 6.4. Levels of agreement were better for global radial early: late diastolic velocity 
(interobserver ICC 0.90; bias 0.07 and LOA -1.2 to 1.4) than for regional radial early: late 
diastolic velocity (e.g. basal radial early: late diastolic velocity interobserver ICC 0.81; bias 
0.17 and LOA -2.9 to 2.6). Observer reproducibility for longitudinal strain parameters 
showed poorer intraclass correlations for basal (0.19) and mid regional levels than for apical 
diastolic longitudinal strain rate (0.61). 
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CMR diastolic parameter Inter observer agreement Intra observer agreement 
 Bias LOA ICC 95% CI for ICC Bias LOA ICC 95% CI for ICC 
Global radial early:late velocity  0.07 -1.6 to 1.8 0.90 0.63 to 0.97 -0.18 -1.45 to 1.08 0.88 0.57 to 0.97 
Basal radial early:late velocity -1.07 -2.93 to 2.58 0.81 0.23 to 0.95 -0.03 -3.1 to 3.04 0.77 0 to 0.94 
Mid radial early:late velocity 0.14 -2.7 to 3 0.23 -2.9 to 0.82 -0.76 -3.45 to 1.96 0.70 0 to 0.92 
Apical radial early:late velocity 0.24 -1.36 to 1.85 0.91 0.67 to 0.97 0.22 -2.72 to 2.72 0.76 0 to 0.93 
Basal longitudinal strain rate (S-1) 0.02 -1.46 to 1.50 -0.02 -5.2 to 0.76 0.06 -1.2 to 1.3 0.50 -1.3 to 0.88 
Mid longitudinal strain rate (S-1) -0.02 -1.00 to 0.97 0.19 -3.4 to 0.81 0.13 -0.9 to 1.2 0 -3.5 to 0.75 
Apical longitudinal strain rate (S-1) -0.13 -1.06 to 0.79 0.61 -0.5 to 0.90 0.16 -0.4 to 0.76 0.85 0.44 to 0.96 
Table 6.4: Inter and intra observer reproducibility for diastolic feature tracking parameter 
 
Table 6.4: Inter and intra observer reproducibility for diastolic feature tracking pa 
113 
 
 
6.4.4 Feature tracking parameters correlation with echo markers 
of diastolic dysfunction.  
 
The correlation between the feature tracking parameters identified in Table 6.2 and 
echocardiographic indices of diastolic function (E/A; DT; E/e’; Mean E; LA volume) are shown 
in Table 6.5. As it can be seen Radial E:A velocities had modest but significant correlation 
with echocardiographic E/A ratio (r = 0.43); E/e’ (r = 0.44); Mean e’ (r=0.55) and LA volume 
(r = 0.33). No feature tracking parameters correlated with echocardiographic mitral valve 
inflow deceleration time. 
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Table 6.5:  Diastolic feature tracking parameters with significant correlations with 
echocardiographic indices of diastolic function.  
 
Parameter E/A  
 
R P 95% CI for R 
Global Rad E:A 0.26 0.04 0.02-0.5 
Basal Rad E:A 0.38 0.004 0.12 to 0.59 
Apical Rad E:A 0.43 0.001 0.17 to 0.64 
      E/E'  
 
R P 95% CI for R 
Global Rad E:A -0.25 0.05 -0.48 to -0.003 
Basal Rad E:A -0.44 0.001 -0.64 to -0.19 
Apical Rad E:A -0.3 0.03 -0.54 to -0.02 
Apical Long SR 0.25 0.04 0.01 to 0.46 
      Mean e' 
 
R P 95% CI for R 
Global Rad E:A 0.55 0.0001 0.45 to 0.78 
Basal Rad E:A 0.51 0.0001 0.27 to 0.69 
Mid Rad E:A 0.41 0.00002 0.16 to 0.62 
Apical Rad E:A 0.44 0.00017 0.17 to 0.64 
Basal Long SR 0.25 0.04 0.01 to 0.46 
      LA Volume  
 
R P 95% CI for R 
Basal Rad E:A -0.33 0.03 -0.57 to -0.03 
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 6.4.5 Variation of feature tracking parameters with age  
The variation of the diastolic feature tracking parameters with age is shown in Table 6.7 
Global and regional radial early: late velocities declined with increasing age. 
 
 
 
 
 
 
 
 
 
Table 6.7: Normal mean diastolic feature tracking parameters by age group. 
6.5 Discussion 
This study has shown the ability of radial diastolic velocities and longitudinal strain rates to 
predict diastolic dysfunction with acceptable levels of sensitivity and specificity.  
The ROC analysis has shown that the AUC/ sensitivity / specificity for the combined radial 
parameters (0.90/77%/88%) and the combination of all 6 radial and longitudinal values 
(0.94/76%/91%) are similar to previous studies which have assessed the ability of 
 20-39yrs 40-59yrs 60+yrs 
Global radial early:late velocity  4.28±1.77 3.06±1.78 1.82±1.69 
Basal radial early:late velocity 4.37±1.45 3.77±1.41 2.98±1.09 
Mid radial early:late velocity 4.29±1.42 3.95±2.24 2.87±1.44 
Apical radial early:late velocity 4.05±2.38 2.84±1.89 1.69±1.92 
Basal longitudinal strain rate  
(S-1) 
1.15±0.51 1.11±0.42 1.03±0.38 
Mid longitudinal strain rate (S-1) 1.05±0.43 1.16±0.37 1.01±0.37 
Apical longitudinal strain rate 
(S-1) 
1.03±0.35 1.07±0.40 1.07±0.48 
Data presented as mean± standard deviation. 
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echocardiographic E/e’ to predict either LV filling pressure by cardiac catheterisation 
(0.82/70%/93%)[124] or pulmonary capillary wedge pressure (0.66/66%/50%)[125].  
In this study, the combination of several feature tracking parameters predicted diastolic 
dysfunction with greater accuracy than when individual parameters were used. This concept 
of using several parameters rather than any single parameter has been shown to be 
beneficial also for the ability of echocardiographic indices to predict diastolic dysfunction 
[124].    
We have also shown modest correlations between certain feature tracking parameters and 
echocardiographic E/e’ (r=0.4), transmitral E/A ratio (r=0.4, mean e’ (r = 0.5). Moderate 
correlations have previously been reported in  studies assessing the relationship between 
invasive measures of diastolic function and echocardiographic E/e’ (r = 0.4-0.64)[126]. In 
addition, we have seen found that with increasing age radial early:late velocities decline 
similarly to echocardiographic indices of diastolic dysfunction, table 5 [127]. 
The interobserver agreement in this study for feature tracking parameters was moderate, 
with better agreement seen for radial values than longitudinal values.  Whilst no values for 
observer agreement for diastolic function have been reported previously using feature 
tracking, the poor interobserver variability of certain systolic deformation parameters has 
been highlighted both for feature tracking [128] and for speckle tracking echocardiography 
[45, 110].  
In summary, our results have shown that radial diastolic early: late velocities and 
longitudinal diastolic strain rates are able to identify diastolic dysfunction. Despite the lower 
temporal resolution seen with CMR compared to tissue Doppler echocardiography, we have 
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seen here that  sensitivity and specificity levels for the identification of diastolic dysfunction 
are comparable to echocardiographic tissue Doppler E/e’ and demonstrates the potential 
for feature tracking to be used for research applications. Further assessment of diastolic 
function using feature tracking would be of benefit to assess its application in health and 
disease states although improvements in observer variability and further validation studies 
using a combination of multimodality imaging and invasive measures of diastolic function 
will be of benefit.  
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Chapter 7: Quantification Of Left And 
Right Ventricular Mass, Volumes And 
Ejection Fraction By Magnetic 
Resonance Feature Tracking: 
Comparison With Traditional Disc 
Summation Methods 
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7.1 Introduction 
 
Methods to evaluate LV mass, left and right volumes and ejection fraction accurately in a 
reproducible manner are important as clinical and research tools. CMR has demonstrated 
excellent accuracy and reproducibility for the estimation of ventricular volumes and LV mass 
[84-85] based on the contoured disc summation method, which is widely accepted as the 
gold standard technique. Recently, software has been developed that can track features, 
such as the cavity boundary or tissue patterns, of steady state free precession (SSFP) CMR 
cine images  [68, 76, 94], relative to a manually-identified endocardial contour. This ‘feature 
tracking’ software has introduced the possibility to evaluate myocardial systolic deformation 
parameters directly from cine images, in a way analogous to techniques used for speckle 
tracking echocardiography. As with echocardiographic myocardial deformation analysis, the 
software also generates estimates of ventricular mass, volumes and ejection fraction.  
The aims of this chapter were: 
1. To obtain measures of ventricular volumes, ejection fraction and mass using both 
feature tracking (CMR-FT) and contoured disc summation methods (CMR-
volumetrics) from a large group of subjects with different ages and genders.  
2. To determine the agreement and reproducibility of volumetric and mass analysis of 
both techniques.  
3. To assess whether different uses of the feature tracking software could improve 
reproducibility. 
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7.2 Methods 
Two hundred and forty eight healthy volunteers were recruited as described in chapter 2 
(100 males, age 20-39 years; 148 females, age 20-49 years) underwent the same 
standardised CMR scan (Chapter 2.3.1). The CMR images (HLA view) were analysed to 
obtain volume, ejection fraction and mass analysis by manual contouring and feature 
tracking are described in Chapter 2.3.3 and 2.4.4 respectively. Ten subjects were re analysed 
by the initial reader and a second reader, both blinded to the original results, to assess intra 
and inter operator variability. 
7.3 Statistical analysis 
Summary variables for subject characteristics and ranges of results are presented as mean ± 
SD for continuous variables and as frequency for categorical variables. Variables were 
assessed for normal distribution using the Kolmogrov Smirnov test. Continuous variables 
with normal distribution were compared using the paired Student t test and using the 
Wilcoxon test otherwise. Pearson’s correlation coefficient was used when assessing 
normally distributed data and Spearman for non-normally distributed data. Agreement 
between CMR-FT and CMR-Volumetrics results were assessed using Bland Altman [95] 
analysis to identify the bias and the limits of agreement with 95% confidence intervals. 
Observer agreement was evaluated by the intra class correlation coefficient (ICC)[108], as 
described in section 4.3.  An ICC value of 1 indicates perfect agreement and, for example, an 
ICC of 0.95 indicates the balance of the variance (1 – ICC = 5%) is attributable to error; in this 
study due to instrumentation or operator [109]. For comparison purposes we classed ICC 
scores of <0.4 as poor reproducibility; 0.4-0.6 as low; 0.6-0.8 as moderate and >0.8 as good 
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reproducibility. All computations were performed using SPSS 18 (SPSS Inc., Chicago, IL, USA). 
P value less than 0.05 was considered statistically significant. 
7.4 Results 
7.4.1 Feasibility of feature tracking analysis 
The time for feature tracking analysis (from initial contouring to obtaining the final results) 
was significantly shorter (84±24 seconds) compared to Argus manual contouring (429±78 
seconds), p<0.05. 
7.4.2 Baseline CMR feature tracking and CMR-volumetrics results 
The baseline parameters obtained using the two analysis techniques according to gender 
are shown in Table 7.1. Significant differences (p<0.05) were seen for both techniques when 
comparing males with females for all parameters. In detail, for both CMR-FT and CMR-
volumetrics biventricular volumes and LV mass was higher in males when compared to 
females whereas ejection fraction for CMR-Volumetrics and CMR-FT (corrected) was greater 
in females.  
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Table 7.1: Mean group values for the measured parameters using feature tracking and 
traditional CMR manual contouring grouped by gender. 
 
7.4.3 Agreement between feature tracking and manual CMR 
contouring for LV mass, volumes and ejection fraction. 
 
There was a good correlation between both techniques for the assessment of mass (r = 
0.85) and left ventricular EDV (r = 0.87) (Figure 4.1A), but on average, a 10g higher mass was 
reported by CMR-FT and a 4mL greater end diastolic volume by CMR-volumetrics (Table 7.1 
and Figure 7.1A). The limits of agreement between techniques were wide (-46g to 26g for 
mass, -23mL to 32mL for EDV) (Table 7.2).  
 
 
 
 
 Male (n=95) Female (n=153) 
 CMR FT CMR FT 
LVEF (%) 63±6 55±5 66±6 55±6 
LVEF Cor (%) 63±6 61±6 66±6 63±6 
LV EDV (mls) 159±25 158±27 128±23 122±23 
LV ESV (mls) 58±13 73±16 44±10 59±16 
LV ESV Cor (mls) 58±13 62±14 44±13 46±11 
LV Mass (g) 127±21 137±24 85±20 96±23 
RVEF (%) 59±6 42±17 61±6 44±16 
RVEF Cor (%) 59±6 57±8 61±6 62±8 
RV EDV (mls) 166±29 99±24 133±26 70±19 
RV ESV (mls) 58±13 58±21 44±10 39±16 
RV ESV Cor (mls) 58±13 42±12 44±10 27±10 
Data presented as mean ± SD.  
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Table 7.2: Bland Altman agreement between feature tracking and traditional CMR manual 
contouring for left ventricular parameters  
 Standard Analysis Based on ED 
frame 
Analysis Based on ES frame 
 Bias / (CI) Limits of 
agreement 
Bias / CI Limits of 
agreement 
Mass CMR vs. Mass FT (g) -10 (-12 to -8) -46 to 26   
EDV CMR vs. EDV FT 4 (3 to 6) -23 to 32   
ESV CMR vs. ESV FT -15 (-16 to -13) -41 to 12 -2 (-3 to -1) -19 to 14 
EF CMR vs. EF FT 10 (9 to 11) -4 to 23 3 (2 to 4) -9 to 15 
RV EDV CMR vs. RV EDV FT 64 (61 to 67) 20 to 108   
RV ESV CMR vs. RV ESV FT 18 (15 to 20) -27 to 62 31 (28 to 34) -11 to 73 
RV EF CMR vs. EF FT 16 (14 to 19) -16 to 48 1 (0 to 2) -16 to 19 
 
The correlation between techniques was not as good for ESV (r = 0.66) and particularly poor 
for the estimation of ejection fraction (r = 0.26). This resulted in large biases and wide limits 
of agreement (Table 7.2). However, estimates of ESV could be improved if the end systolic 
frame was used as the reference frame for the feature tracking software. With this 
approach the correlation improved (r = 0.81) as did the bias (from -15g to -2g) and limits of 
agreement (-41mL to 12mL vs. -19mL to 14mL) (Figure 4.1 B). Similarly estimation of 
ejection fraction improved with this approach (r = 0.48, bias 3%, limits of agreement -10% to 
15%)  (Figure 7.1 C). 
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Figure 7.1A: Correlation and Bland Altman analysis for the agreement of left ventricular mass (left) and end diastolic volume, right. 
 
r = 0.85 r = 0.87 
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Figure 7.1B: Correlation and Bland Altman analysis for the agreement of left ventricular end systolic volume (left) and corrected end systolic 
volume, right. 
  
r = 0.66 r = 0.81 
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Figure 7.1C: Correlation and Bland Altman analysis for the agreement of left ventricular ejection fraction (left) and corrected ejection fraction, 
right.
r = 0.26 r = 0.48 
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7.4.4 Agreement between feature tracking and manual CMR contouring 
for RV volumes and ejection fraction. 
 
Although the correlations seen between both techniques for the assessment of right 
ventricular EDV was good (r = 0.72 Figure 7.2A.), the Bland Altman agreement overall was 
poor with a large bias (64mL) and wide limits of agreement (20mL to 108mL). This poor 
agreement was also seen for the assessment of right ventricular end systolic volumes (r = 
0.4; bias 18mL; limits of agreement -27mL to 62mL, Figure 7.2B) as well as ejection fraction 
(r = 0.2; bias 16% limits of agreement -16% to 48%, Figure 7.2C), without any notable 
improvement when using the end systolic frame as the reference frame (to estimate ESV) 
for evaluation of the corrected ESV or EF. 
Figure 7.2A Correlation and Bland Altman analysis for the agreement of right ventricular end 
diastolic volume 
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Figure 7.2B: Correlation and Bland Altman analysis for the agreement of right ventricular end systolic volume (left) and corrected end systolic 
volume, right. 
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Figure 7.2C: Correlation and Bland Altman analysis for the agreement of right ventricular ejection fraction (left) and corrected ejection 
fraction, right. 
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7.4.5 Inter and intra observer reproducibility 
Good inter and intra observer mean ICCs were seen between both techniques (Figure 7.3) 
for both left and right ventricular EDV and left ventricular mass with intra-class correlation 
coefficients ranging from 0.81 to 0.98. Agreement was poorer for ESV (e.g. left ventricular 
inter observer ICC 0.45; intra observer ICC 0.94) and ejection fraction but could be improved 
for left ventricular measures when observer variability was based on the corrected end 
systolic frame (e.g. left ventricular inter observer ICC 0.65; intra observer ICC 0.94).  
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A 
 
 
 
 
 
 
B 
 
 
 
 
 
 
Figure 7.3: Intra class correlation coefficients for observer variability 
A: Intra class correlation coefficients for left ventricular parameters - inter and intra 
observer agreement. Levels for an ICC of 0 shown in purple line. Levels for moderate 
reliability (ICC 0.6) shown as solid black line; levels for good reliability (ICC >0.8) shown as 
dashed black line.  
B: Intra class correlation coefficients for right ventricular parameters - inter and intra 
observer agreement. Levels for an ICC of 0 shown in purple line. Levels for moderate 
reliability (ICC 0.6) shown as solid black line; levels for good reliability (ICC >0.8) shown as 
dashed black line.  
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7.5 Discussion 
This study demonstrates that in this group of healthy volunteers with normal ejection 
fraction feature tracking cardiac magnetic resonance analysis is able to estimate ventricular 
mass, volumes and EF in a considerably shorter time than required for manually contoured 
disc summation techniques. Although correlations for measures between techniques for 
estimation of LV volumes and mass are good, detailed analysis demonstrates agreement 
between feature tracking and the gold standard disc summation method is overall modest 
for left ventricular parameters. In particular, estimation of left ventricular ESV and EF was 
poor, although we demonstrate that different applications of the software can improve the 
accuracy.  
The agreement for left ventricular EF and LV volumes between CMR-volumetrics and CMR-
FT seen here was similar to that seen between two dimensional (2D) and three dimensional 
(3D) echocardiography with CMR [129]. The agreement for LV mass in this study is similar to 
the comparison between 3D echocardiography and CMR and better than demonstrated for 
a comparison of 2D echocardiography with CMR [130]. The agreement for ESV is poor, likely 
due to the fact that the feature tracking algorithm follows similar voxels through 
subsequent frames around an initial contoured point rather than the actual contour 
detection in each slice. Consistent with this concept, using the end systolic frame as the 
reference image improved accuracy.  
It is not surprising that the agreement between the two techniques used was poor for all RV 
parameters evaluated. In addition to differences in techniques, the complex geometry of 
the right ventricle would not have been fully incorporated when using the HLA view for the 
estimation for the ventricular volumes using feature tracking.  This is one of the reasons 
133 
 
seen here for feature tracking underestimating RV volumes when compared with CMR-
volumetrics. 
Reproducible measurements of cardiovascular function are important for the assessment of 
disease and monitoring of pharmacological treatments in longitudinal follow up. Despite 
overall modest agreement for LV parameters and poor agreement for RV parameters 
between techniques, both intra and inter observer analysis with feature tracking was good 
for EDV, mass and ejection fraction. This suggests the feature tracking software analysis is 
consistent within and between observers and other factors must account for the variability 
in measures between techniques. Some of this variation may be because the traditional 
CMR disc summation approach uses short axis views for contouring and therefore fully takes 
account of three dimensional variation in all the walls during the cardiac cycle whereas 
feature tracking delineation is based on the HLA view. Furthermore, the inclusion or 
exclusion of papillary muscles within the left ventricular cavity also alters the volume of 
mass, as can the decision to include or exclude the rim of signal at the epicardial – 
pericardial fat interface [131].  
Whilst new measurement techniques do not often have a perfect agreement with 
established gold standards, continuing advances in tracking of borders may further improve 
the accuracy of the measures seen in this study. Within multimodality imaging it has been 
shown that 2D based analysis gives reasonable correlation with 3D based analysis in 
morphologically normal hearts. However, once the hearts are deformed, 3D methods are 
required for accurate assessment [41]. As this study cohort comprised healthy volunteers 
with normal LV ejection fraction, we are unable to address the clinical value of feature 
tracking in hearts which are morphologically abnormal. In addition, whilst all subjects in this 
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study had normal ejection fraction, future investigations may be beneficial to see whether a 
multi plane approach using feature tracking may yield more favourable results in subjects 
with low ejection fraction and regional wall motion abnormality. The use of normal ranges 
derived using feature tracking may also be of use in the future.  
In summary, CMR-FT agreement of RV volumetric parameters when compared to CMR-
volumetrics is poor. For left ventricular parameters, differences exist when compared with 
the traditional manual contouring approach particularly with regard to ESV and EF, likely 
due to a combination of analysis technique and computational differences. Whilst we have 
shown that in normal healthy control subjects, CMR-FT is a potentially promising piece of 
software further work is required to improve its accuracy. Currently, CMR manual 
contouring following the acquisition of a whole-heart stack remains the gold standard 
approach for the estimation of ventricular ejection fraction, mass and volumes in both 
research volunteers and clinical patients.  
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Chapter 8: Limitations, Summary And 
Conclusions 
136 
 
8.1 Limitations 
 
The estimation of normal values for deformation imaging using feature tracking is discussed 
in chapter 3. I acknowledge that the study population (n =145) were relatively young (mean 
age 29.7±7.6 years). Therefore, the results presented here for normal values may not be 
representative of older population groups. 
The feature tracking software used in this work was a prototype provided by TomTec. At the 
onset of this work a member of the TomTec company provided support in how to process 
images for both researchers who’s readings would be used to estimate inter and 
intraobserver variability. A more rigorous form of standardisation such as review of a subset 
of subjects to evaluate similar placement of the original contours would have been 
beneficial.   
Inter and inter observer variability has been assessed for various deformation parameters 
throughout this work.  There is relatively poor observer variability for a number of feature 
tracking parameters (e.g. global radial strain interobserver agreement has a coefficient of 
variation of 32.3%, Table 3.2). It is possible that the inclusion of the LVOT in the basal slice of 
the LV assessment may contribute to this poor observer variability.  
As with any technique, the reproducibility of both the dimension and functional assessment 
is a vital component that should be established. This can be undertaken at a number of 
levels. In this work the majority of reproducibility was performed using inter and intra 
observer variability. However, one limitation of this work is the lack of use of the test – 
retest scenario. The analysis of retest variation is a component often overlooked for both 
CMR and echocardiographic studies although is common within clinical practice when 
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assessing patients over a number of years. The inclusion of this would have given a more 
informative picture of reproducibility. 
During this work, the use of feature tracking software to estimate diastolic deformation 
values was evaluated (Chapter 6). Here, diastolic function was evaluated in a group of 
subjects with varying diastolic function. Here, diastolic function was graded according to the 
American and European society of echocardiography guidelines (figure 2.8) by assessing the 
E/A ration; deceleration time and E/e’ levels. It is acknowledged that not all subjects fell 
neatly into either grade I, II or III diastolic function grading as in some cases parameters fell 
into two grading groups. In these cases then the diastolic grading was chosen depending on 
the grade which had the majority of parameters in agreement. 
In Chapter 7, the use of feature tracking to estimate ventricular volumes and function was 
assessed. Here for feature tracking assessment the cine HLA image was used as opposed to 
the ‘gold’ standard of manual contouring using the disc summation approach with short axis 
views. Some of the variation seen is because the traditional CMR disc summation approach 
uses short axis views for contouring and therefore fully takes account of three dimensional 
variation in all the walls during the cardiac cycle whereas feature tracking delineation is 
based on the HLA view.  In addition, as this study cohort comprised healthy volunteers with 
normal LV ejection fraction, we are unable to address the clinical value of feature tracking in 
hearts which are morphologically abnormal. In addition, whilst all subjects in this study had 
normal ejection fraction, future investigations may be beneficial to see whether a multi 
plane approach using feature tracking may yield more favourable results in subjects with 
low ejection fraction and regional wall motion abnormality. 
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 8.2 Aims of original work 
This work was carried out with four main aims: 
1. To define normal feature tracking LV systolic deformation values and to assess their 
reproducibility.  
2. To compare LV and RV feature tracking strain values with CMR tagging and speckle 
tracking echocardiography. 
3. To assess the feasibility of feature tracking to measure diastolic function and to 
correlate this with standard echocardiographic assessment. 
4. To assess the ability of feature tracking to estimate ventricular volumes, mass and 
ejection fraction. 
In this chapter the extent to which these aims have been achieved and the implication for 
future research and potential for clinical use will be assessed. 
8.3 Normal feature tracking systolic deformation values 
This work has generated ranges for all left ventricular myocardial systolic strain parameters 
as well as myocardial displacement and velocities using feature tracking down to a 
segmental level in a large group of healthy subjects [132]. We have found that for systolic 
strain, circumferential strain is the most reproducible, followed by longitudinal strain with 
radial strain having poor reproducibility (Table8.1). Furthermore measures for global 
function were more reproducible than those for regional function. This is in keeping with 
studies which have found that segmental reproducibility is poor [70, 75]. Whilst radial strain 
parameters showed poor reproducibility, interestingly systolic radial velocities and 
displacement values shoed good agreement. This is likely as the values are calculated by the 
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measurement of movement of features around one radial contour (e.g. endocardial) rather 
than for strain and strain rate values which would use both endocardial and epicardial 
contours. It has also recently been shown that the assessment of strain using feature 
tracking is independent of field strength [133-134]. Given these findings, further 
development of algorithms is needed to improve reproducibility, particularly of radial strain 
and also at regional and segmental levels to allow this software to be used confidently by 
clinicians.  
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Bias LOA
Global Circumferential Strain -0.21 ±0.03 4.9 2.8 -0.007 -0.06 to 0.04
Mid Circumferential Strain -0.18 ±0.03 4.5 6.4 0.02 0.04 to 0.07
Global Radial Velocity (cm/s) 2.5 ±0.36 2.4 6.2
Basal Radial Velocity (cm/s) 2.84 ±0.53 5.2 5.1
Mid Radial Velocity (cm/s) 2.48 ±0.41 6.4 4.5
Apical Radial Velocity (cm/s) 2.19 ±0.41 6.2 7.3
Global Radial Displacement (mm) 5.1 ±.073 2.7 4.3
Basal Radial Displacement (mm) 6.02 ±1.08 7.5 4.3
Mid Radial Displacement (mm) 4.89 ±0.82 6.4 4.5
Apical Radial Displacement (mm) 4.38 ±0.82 7.5 5.7
Basal Circumferential Strain -0.22 ±0.04 3.2 6 -0.05 -0.14 to 0.04
Apical Circumferential Strain -0.21 ±0.38 9.2 6.0 0.009 -0.05 to 0.07
Global Circumferential Strain Rate 1.21 ±0.18 7.9 6.3 -0.21 -0.53 to 0.11
Global Longitudinal Strain -0.19 ±0.03 10.9 12.3 -0.01 -0.16 to 0.03
Basal Circumferential Strain Rate -1.33 ±0.28 15.9 6.3 -0.44 -1.09 to 0.21
Mid Circumferential Strain Rate -1.05 ±.018 6.9  18.3 -0.07 -0.42 to 0.27
Apical Circumferential Strain Rate -1.26 ±0.25  17.3  9.1 -0.12 -0.50 to 0.25
Basal Longitudinal Strain -0.21 ±0.05 10.8 17.7 -0.06 -0.19 to 0.06
Mid Longitudinal Strain -0.19 ±0.04 17.5 17.7 -0.05 -0.21 to 0.11
Apical Longitudinal Strain -0.16 ±0.05 31.3 42.7 0.04 -0.12 to 0.20
Global Longitudinal Strain Rate -1.08 ±0.24 16.2 16.0 -0.22 -0.82 to 0.37
Basal Longitudinal Strain Rate -1.21 ±0.36 34.3 19.2 0.01 -0.16 to 0.19
Mid Longitudinall Strain Rate -1.08 ±0.27 21.1 17.8 0.03 -0.05 to 0.12
Apical Radial Strain Rate -0.98 ±0.34 25.6 23.2 -0.02 -0.12 to 0.07
Global Radial Strain 0.25 ±0.06 32.3 22.9 0.11 -0.01 to 0.23
Basal Radial Strain 0.26 ±0.08 13.5 48.5 0.12 0.03 to 0.23
Mid Radial Strain 0.24 ±0.08 26.3 14.8 0.12 -0.05 to 0.30
Apical Radial Strain 0.23 ±0.09 29.1 23.9 0.08 -0.13 to 0.30
Global Radial Strain Rate 1.25±0.4 14.9 15.6 0.26 -0.34 to 0.86
Basal Radial Strain Rate 1.23 ±0.39 15.8 14.1 0.20 -0.71 to 1.11
Mid Radial Strain Rate 1.25 ±0.36 27.2 11.3 0.41 -0.32 to 1.16
Apical Radial Strain Rate 1.18 ±0.43 31.3 30.2 0.17 -0.83 to 1.16
CMR Tagging vs. FT Agreement
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Parameter
Normal 
Value 
FT 
Interobserver 
FT 
Intraobserver 
FT observer variability are presented as COV (%). Strain values represented as a fraction written in decimal 
form. 
 
Table 8.1: Summary of agreement for systolic deformation feature tracking parameters. 
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8.4 Feature tracking assessment of LV and RV strain – 
comparison with CMR tagging and speckle tracking 
echocardiography 
 
For the left ventricle, levels of longitudinal and circumferential strain are the most 
consistently measured strain parameters between modalities although currently, given the 
systematic biases in normal ranges with certain imaging and analysis combinations, the 
results presented here do not support the notion that strain values are interchangeable 
between different imaging modalities. Even within the same imaging modality, for serial 
scans care should be taken to use consistent settings and analysis tools. 
For the right ventricle, strain analysis using feature tracking is possible with modest 
observer agreement. The development of RV specific overlays and algorithms will improve 
this further.  As for the LV, the work in chapter 5 suggests that RV strain values are not 
interchangeable with consistency between imaging modalities. 
8.5 Diastolic function assessment using feature tracking 
A potential pit fall for any analysis tool is the ability for numerous output measurements to 
be produced and to then know which ones are meaningful. The results from chapter 6 have 
shown the potential for feature tracking to assess diastolic function and in particular 
identified  that radial diastolic velocity and longitudinal strain rates can predict diastolic 
dysfunction with acceptable levels of sensitivity and specificity. In addition, in a similar 
fashion to echocardiographic parameters the results presented in chapter 6 show age 
related changes to feature tracking indices of diastolic parameters. These findings given the 
inferior temporal resolution of CMR compared with tissue Doppler echocardiography 
highlight the potential that feature tracking software has to assess diastolic dysfunction. 
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8.6 The assessment of ventricular volumes, mass and ejection 
fraction using feature tracking 
 
Here this work has shown that currently significant improvements on feature tracking 
algorithms are needed to allow accurate and reproducible estimations of volumes, mass and 
ejection fraction before this can be used routinely with confidence. Currently, CMR manual 
contouring following the acquisition of a whole-heart stack remains the gold standard 
approach for the estimation of ventricular ejection fraction, mass and volumes in both 
research volunteers and patients. 
8.7 Conclusions 
This study has examined the feasibility and practicality of CMR feature tracking in a variety 
of settings and has shown that there are certain parameters which can be measured with 
confidence given the adequate reproducibility. However, there are some feature tracking 
parameters where alterations in current algorithms are necessary to improve quantification, 
especially at a regional and segmental level.  
In the era of multi modality cardiovascular imaging we are still some way away from a 
universally interchangeable method of strain assessment. For cardiac magnetic resonance 
imaging, CMR feature tracking does not necessitate any additional image acquisition and 
has a significantly shorter post processing time than other CMR strain analysis methods. 
With progression of technology it has the potential to become the CMR preferred 
assessment for strain quantification.  
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